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ABSTRACT

The report describRs the development of a tilotelemetry system that ig
hermetically sealed within a total hip replacement implant. This task was
performed through a cooperative effort between JPL and the Biomechanics
Section of the Division of Orthopedic Surgery at UCLA. The telemetry
system transmits six channels of stress data in order to reconstruct the
major forces acti^ig on the neck of the prosthesis and uses an induction
power coupling technique to eliminate the need for internal batteries.
The report discus qes the activities associated with the telemetry micro-
miniaturization, data recovery console, hardware fabrications, power
inductiori systems, electrical and mechanical testing and hermetic sealing
test results.
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INTRODUCTION AND BACKGROUND

Over 100,000 total hip-replacement operations are performed a year in the
U.S.A. X-ray evidence of femoral component looseness has been noted to be
in excess of 20 percent; in published series from the Mayo Clinic (1) in 1978
and UCLA in 1979 (2). It has been reported that failures occurred due to
prosthetic loosening with subsidence in up to 24 percent of patients in as
little as seven years, and a failure-rate of 54 percent after only five
years in patients under thirty years of age. Femoral component stem breakage
has been reported to vary from .23 to 8 percent. These numbers are expected
to escalate as total hips are implanted into increasing numbers of younger
active patients who have expectations of increased performance over their
diseased joints. Mechanical complications of implant breakage, cement
fracture, skeletal Loosening and component wear are directly related to the
transmission of force across the joint.

In 1977 under a Calwech President's Fund Grant, JPL in cooperation with the
Biomechanics Section of the Division of Orthopedic Surgery at UCLA began the
development of a prototype biotelemetry package to be sealed within a total
hip replacement implant. The objectives were to develop and demonstrate
feasibility of a microminiature telemetry package suitable for installation
within a 38 mm ball of a hip replacement prosthesis. A paper describing this
task and entitled "Biotelemetry from a Total Hip Replacement Prosthesis" was
published in niotelemetry Iv 1978 and is given in Appendix A. upon completing
the objectives of the president's Fund Grant, this development effort was
continued under NASA sponsorship in FY 1978 to 1) complete a more detailed
design of the telemetry electronics, 2) develop the hermetic sealing procedures,
3) design power induction and data recovery systems and 4) demonstrate a fully
instrumented and sealed prosthesis with a 35 mm ball diameter.

This report discusses the activities associated with the telemetry
microminiaturization, data recovery console, hardware fabrications, power
induction system, electrical and mechanical testing and hermetic sealing
test results.

Figure 1 shows different types of hardware fabricated during this program.
Table 1 details their configurations and the types of tests performed on each
unit. As shown, the Engineering Model has undergone all operations except
hermetic sealing.

Load tests of the Engineering Model prosthesis indicate the recovered
telemetered strain data can reproduce the load vectors with on uncertainty
of less than 9%. Tower induction system tests with the Engineering Model
implanted in a cadaver leg showed adequate power transfer with sufficient
margin. RF transmission tests in a simulated implant configuration indicate
expected clinical data signal to noise ratio will be 39 dB which corresponds
to a noise corruptf.on error of 1.2%.

Ao of the date of this report the two final models being built under this
effort are in process and are 50% complete. These models, the prototype and
proof test model, both with the .final prosthesis form are fully instrumented
with one hermetically sealed.
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A UCLA grant application to NIH for follow-on sponsorship of this prof;ram,
has been submitted and is pending NIH approval. The objective of the NIH
phase will be to complete human-use and reliability efforts to gain hu man
use acceptance and satisfy requirements for the clinical environment. The
continued effort between UCLA and JPL is ,Leading to eventual implantation of
the telemetry system to allow for the in-vivo measurements of loading of

nt athe prosthesis for a variety of patiectivities.

SYSTEM DESCRIPTION

The biotelemetry system is described in pages 22 and 23 of the NIH Grant
Application (Appendix B), while a block diagram and a pictorial view of the
prosthesis showing system elements are in Fi'tures l and 2, respectively of
the same document. The telemetry and power induction concepts were initially
developed at UCLA by research assistanti^ C. K. Tham (3), W. K. Buklen (4)
and T. Norwicki (5) -rider the direction of Dr. K. L. Markoff of the Ortho-
pedic Surgery Division and Professor J. Willis of the School of Engineering.
The system design is similar to that suggested by Carlson (6) in that it
utilizes a time multiplexed PAM/FM telemetry format and an external power
induction source.

The conceptual circuits were further developed at JPL under NASA sponsorship
beginning in FY 1578. Major activities included: 1) microminiaturization
of the electronics to fit within the prosthesis shell using planetary space-
craft technology, 2) redesign of the power induction system for stability
and improved power transfer efficiency, 3) development of strain gauging
techniques, 4) development of methods of testing, 5) development of methods
of proving reliability and 6) design and assembly of a data recovery system,.
A description of the system elements, problems encountered and their solutions
as well as test results are given below.

TELEMETRY SYSTEM

The telemetry system consists of 1) a 10 channel time--based multiplexer
submodule, 2) a pulse amplitude modulated FM (PAM/FM) transmitter submodule
and 3) a stem wound power induction secondary colt and FM antenna. A detailed
description of the telemetry electronics is given in Appendix B page 23. The
only problems associated with the telemetry design were imbalance in the
multiplex sequencer output levels and excessive DC power required in the
voltage regulator circuitry. The sequencer output imbalances were corrected
by adding a balance resistor between strain gauge pairs in each of the data
channel outputs. DC power required. for the regulator was reduced 50% by
utilizing a more recently designed, more efficient regulator chip. Typical
system electrical performance parameters are listed in Table 2.

POWER INDUCTION SYSTEM

The power induction system is designed to eliminate the need for internal
batteries. The system consists of a pair of loosely coupled coils. The

i
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primary is worn around the patient's thigh slid is powered by a 250 kHz portable
oscillator worn around the waist. The teflon coated gold wire £secondary coil
is located at the prosthesis tip. A further description of the power induction
system is given in Appendix U page 24. Problems encountered with the power

i gduction system development include frequency stability and poor power
transfer efficiency. The original, design used a single stage power oscillator
with no isolation between the oscillator and induction coil. 'bests show
that frequency stability can be greatly improved through the use of a 3-
stage unit consisting of an oscillator, buffer and power amplifier. The power
amplifier circuit design has been completed. The power transfer problem was
r̂,ol.ved by a redesign of the external induction coil and by decoupl,ing the
internal secondary coil, from the prosthesis stem with a dielectric layer. A
further discussion with test results is given in Appendix C pages 4 and 5.

STRAIN GAUGE SENSORS

Semiconductor strain gauges were selected for this telemetry system because
of their high sensitivityto strain, small size and low power consumption.
Problems encountered with the gauging include the gauge placement, carrier
size and shape and gauge temperature coefficient. Improper placement of
the strain anneas resulted in erroneous readings. Thestrain gauge carrier
size and shape was not consistet , t between parts, which made accurate gauge
placement difficult. The manufacturer was consulted and closer tolerances
were specified. In addition, the I.D. of the neck was broached flat to the
width of the gauge carriers in the eight equally spaced gauge locations to
facilitate accurst-, placement. A description of gauge location is given in
Appendix C page 5.

The temperature coefficient problem was minimized by adding a dummy gauge,
mechanically isolated from the neck but in close proximity to the active
gauges, to the bridge network to compensate for temperature variations.

MECHANICAL LOADING/STRESS MEASUREMENTS

It is of prime importance to assure that overall telemetry system sensitivities
along with measurement resolution and accuracies will be sufficient to meet
clinical data recovery requirements. Static stress tests at JPL of'a mechanical
model prosthesis ball and neck region complete with strain gauges and a telemetry
assembly have shown that load components can be reconstructed from telemetered
output data with an uncertainty of less than 9 percent.

The problems of the mechanical loading and stress measurements were attributed
to the strain gauges and are covered in the strain gauge explanation However,
near the conclusion of the planned series of static stress tests on the develop-
ment model prosthesis, the force controller exceeded preset limits with the
unit in the 40' tilt position. The maximum force applied before control was
restored reached 5100 lb (1313 kg) and resulted in a permanent deflection of
the ball and neck region of 3.5 degrees from the original axis of symmetry.
This "test", therefore, established a measure of the factor of safety in the
mechanical design. For more detail see Appendix B pages 23 and 24.
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VIBRATION TESTING

The BN prosthesis hao undergone sinusoidal vibr.at;ion from 5 to 22 Hz at 004
inch double amplitude and from 22 11z to 2 kHz at 10 G peak. The system waa
monitored d ,3ring tooting and maintained its integrity, both mechanically and
electrically. There were no problems encountered during or after this fist.

SEALING TESTS

Since the prosthesis shell represents the primary barrier between the
recipient's tissue and body fluids and the internal electronic components,
considerable design effort has been expended to insure that it (1) can be
completely sealed with minimal effect on the internal electronics, (2) has
sufficient strength not to break, and (3) can be tested after assembly.
Electron Beam (E--beam) welding was chosen as the best sealing method that
satisfies all the above requirements.

One of the main. concerns of this welding process is the effect of heat
produced by the electron beam on the internal ele::rronic components. Another
concern is the seal itse": How well it prevents fluids from entering the
prosthesis. To assess Lb. temperature effects on the: internal electronics,
several Q » e »M nN nnn were. rostru— ant .1	 M w a	 —mta

.f:,, .. a^lrl.. ,..,co..heoa.4 ..L'-ry	 m,+...^s ,iiaiwc....2u for in,.e..n^^ kcF«perature profiles
near the weld joint during sealing operations. It was determined that during
sealing, temperatures beyond 0.125 in. (0.32 cm) from the join~ did not
exceed 1.21.°C (394 K) which is well within the manufacturer's ratings for all
components used. The temperature at the sensitive semiconductor strain gauge
locations is not expected to exceed 50°C (323 K) during the processing, which
is well below the manufacturer's maximum operating temperature of 175°C (448
K). A prosthesis with a telemetry assembly installed was then sealed to
assess the effects of sealing on the telemetry functions. A comparison of
measurements before and after sealing showed the welding operation had no
effect on the telemetry electronics. For more information see Appendix B
page 25.

SIMULATED IMPLANT TESTS

Two separate tests of the Engineering Model prosthesis: 1) implanted in a
fresh cadaver leg and 2) suspended in a 4 liter water bath were performed to
assess the functional performanc,.t of the telemetry electronics in a simulated
implant configuration. In the cadaver tasts the power induction system
performed with adequate margin for an external coil placement range of + 9
cm from the nominal location. In the water bath test configuration, FM
transmist.ion tests of the received RF signal showed an additional loss of
only 4 dB with respect to a comparable test in free air. From this data,
expected received data ,S/N was calculated to be 39 dB for a distance of 2
meters. These tests are further detailed in Appendix C pages 4 and 5. The
,,,/seem currently uses a receiver with a 500 kHz bandwidth. Because the peak
deviation can reach 50 kHz at 500 ustrain and the signal contains components
up to 10 kHz, the minimum bandwidth required for the system is 120 kHz. A
system signal to noise improvement of 5.2 dB could be realized by using a
standard FM receiver with a 150 kHz bandwidth.



DATA RECOVERY CONSO'L7

The primary function of the data recovery console is to recover in real time,
tine complete FM broadcast data stream (block diagram shown in Appendix b,
:Figure l.). The FM data signal is received, decoded and the resultant analog
data is recorded on taape, diaplaayed on an oscilloscope and shunted into an
A/D converter to be used by the Microprocessor-Enhancsd Display System
(MEDS). The real-time oscilloscope display of each channel, indic o,; ;the
state of each strain gauge, assuring early detection of any errat4 	 '18e
behavior.. A further discussion of the MEDS system is given in Appi; .,̂ Jix B
pages 31 through 33.

The data recovery console fabrication is 90% complete and most of the circuits
have been electrically tested. Initial testing indicates the necessity for
some sync circuit redesign, with some Associated tinning circuit modifications.
The MEDS is currently u ► der development at the Biordeehanics Research Section
Division of Orthopedic Surgery, UCLA. The UCLA MEDS hardware is underwritten
entirely by donations received through the efforts of patients who have
received total.--joint repl.acment at UCLA.

IMPACT TO INDUSTRY

The received telemetry data will be the first in-vivo loading information
from a total hip 'replacement. Even if only one patient implantation were to
be achieved,. the information will be invaluable. Direct measurement of hip
force with walking aids, casts and modified gait patterns will give relative
measure of the effectiveness of these techniques. Validation of mathematical
models of the hip using force plate inputs will also be a possibility for
each individual patient. This data will. be of tremendous value in understanding
the mechanical. Forces responsible for prosthetic loosening and fracture. The
direction and magnitude nf acetabular cup wear is also of clinical interest.
Wear measurement by serial, comparison of patient x-rays is plagued by many
sources of error, one of which is the unknown direction of wear in any given
patient implantation. our in-vivo measurements of the force vector will
indicate the contact regionwithin the cup and also provide the contact force
magnitude, its duration and its frequency of occurrence. This information is
necessary to establish accurate input levels for laboratory wear simulations.
The information obtained will also provide a sound experimental basis for
:Formulating recommendations for postoperative management of total ,point
replacement patients. Leading implant manufacturing firms such as Simmer
Co., Howmedicaa Co., and DePuy Co., have already expressed interest in the
program.
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Table 2. Typical. Biotelemetry System
Electrf,cal Performance Parameters

i

RF OUTPUT

Nominal Power 0.6 mW + 0.2 mW
Frequency neater 89 mHz
Frequency settability + 1.00 kHz
Frequency stability + 13.5 PPM/°C

MODULATION

Type, PAM/FM
Channels 6 data, 4 calibration

Channel width 500	 sec
Frame rate 200 Hz	 {

t	 sensitivity 94.5 Hz/ pstrain

1	 Range + '"105	 ustrain
Linearity + 2.1	 Ustrain

a

DC (INTERNAL)

r
Power 8V, 6 mA

Voltage regulation + 0.13%	 I

Ripple voltage

i

100 mV RMS

INDUCTION (EXTERNAL)

Frequency 250 kHz + 5 kHz
DC power 10 Watts Max

RECEIVER

Frequency range 55 - 260 MHz
RF bandwidth 500 kHz
Video bandwidth 100 kHz
Noise figure 11.5 dB

i
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University of California, Los Angeles, California

INTRODUCTION

Total hip replaci,,ment is rapidly gaining in popularity among
orthopaedic surgeons. in 1976 approximately 90,000 hips were implanted
in the United States. Patient costs for these implants are estimated to
be 100 million dollars per year. The two year failure rate is approxi-
mately 5%, mainly due to loosening of the femoral component (1). This
failure rate is expected to increase as these units are implanted into a
younger, more physically active patient population.

Mechanical complications of prosthesis breakage, excessive wear of
the bearing components and loosening of the prosthetic components are dir-
ectly related to the transmission of force across the joint. The dynamic
or impact nature of these loads are also important for predicting joint
performance. Adequate data on these vital subjects are lacking in the
literature.

One method of estimating joint forces involves calculations based
upon mathematical idealizations of joint geometries and material proper-
ties, using input loadings derived from force plate data. Paul (2) used
such a model to estimate the force in the normal hip joint. The errors
in such calculations are not known since dynamic effects due to the mus-
culature can only be estimated in analytical calculations.

There are only two published studies dealing with direct in-vivo mea-
suroment of human joint loading. Rydell (3) instrumented two modified
Moore hemiarthroplasty prostheses which were implanted into the hips of
two patients. The hollow neck of each device contained strain gauges
which were bonded to the inner surface. The wires to the gauges were
housed within a metal cable which was left beneath the fascia until six
months after Burg ry, at which time it was brought out through the skin
and connected to recording equipment. valuable measurements of the hip
force components and friction between the metal head and acetabular carti-
lage were recorded, but the usefulness of his device was limited by the
relatively short period of time available for data acquisition due to
potential infection and skin interface problems from the instrument cable.
Availability of a telemetry system would have been a distinct advantage,
but the state of the art of microelectronics twelve years ago was not
sufficiently advanced for this application.

Frankel and Burstein (4) were the first investigators to utilize an
implantable biotelemetry system to measure joint fading. A specially
designed hip nail was hollowed out in the plate portion to receive

Biotelemetry IV, pp. 195-198, 1978
Eds.: H. S. Klewe and H.P. Kimmich
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relatively bulky discrete electronic components which were powered by
miniature batteries. At least three such devices were implanted in pa--
tionts who had sustained femoral neck fractures. As the fractures healed,
the proportion of the load carried by the hip nail diminished. The useful
period of data acquisition was limited to from nine to twelve months by
the shelf life of the batteries. The information gained was of limited
use for total joint replacement design since, the patients were elderly,
only limited weight bearing was allowed, and the total joint load could

	

a	 ynot be measured since part of the load was carried b the implant and part
by the fracture which healed as time progrossod.

A bioLolometry system suitable for implantation into a specially do-
signed total hip femoral component has been developed in order to record
in-vivo loading data for a variety of patient activities. A sketch of the
proposed femoral component is shown in Figure 1.
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Figure. 1. Hip aoint Prosthesis with In-Vivo Telemetry System

DESCRIPTION

Mechanical. The prosthesis is machined from work hardened 316 LVM
stainless steel for strength, machinability, biocompatibility and welding
properties. The later is important since the prosthesis itself forms the
outer hermetic cavity via E-beam welds at the ball and stem tip openings.
The antenna and power induction wires are carried through the tip seal by
a specially designed feedthrough whose components are platinum, glass
and 316 stainless.
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Semiconductor strain gauges are bonde(I to the inner surface of the
pro:athetic neck as shown in Figure 1. rhe vertical and transverse pairs
measure bvitiling mt,ments about those axes, while the axial compre-ision
component is derived firnn the three gauycs at section R - R. Each of tF► e:;e
gauges is pa i red with an unv;t re p;:;cad (Iauge 1 oc.it ed on the undercut, zero
;tre.t;ed, ledge in the ball. A c( ,mmon pair of re si!;tive elements com-
plete the other two elements of all bridge circuits.

Flectrica1. rhe electronic circuit design has been developed at
7C'LA by rescatch a :;sistants (5, 6, 7) under the direction of authors
Markolf and Willis since 1973. The , ;y:;tem design is similar to that re-
ported by Ctrl-;on (8) in that it uses a time multiplexed, 1'AM/l . 'M teleme-
try syst in with power supplied via induction coupling. JPL reviewed the

circuit design on the basis of the
project criteria; namely, long
life, reliability, low bower con-

'	
M	

1unhtion, ratability and capability
to be packaged into the required
volume; and concluded that it met
these requirements. Hence JPL's

1 - forts have tx-c•n aimed at the
r	 pplication of hybrid microcircuit

IMI	
c^	 packaging techniques similar to

those developed for the NASA Stand-
ard Transponder (NST) Program as

Figure 2. Multiplexer (left) 	 well as the mechanical packaging.
and Tran:;mitt er Suhmudu:.-b

	

	 A major factor in the selec-
tion of the UCLA circuit design

was the u:;e of corrune rc i a l l y available IC's as opposed to the use of cus-
tom ISI due to the extreme reliability requirements. A second factor was
the fact that the NST hybrid t, ►chnoloyy would accomodate tte seven IC's,
four diodes, one transistor, seven capacitors and 17 resistors in two
ceramic, thin film -;ubm(xlulcs as shown in Figure 2.

Power Induction. The power required for the strain gauges and the
electronic circuit of the implanted telemetry transmitter will be induced
from an external R.F. power generator. This generator operates from an
18 volt 1 gimp 1xittery supply and produces R.F. lower at approximately
400 kHz. The output of the oscillator is fed from the belt mounted pack-
age via a transmis s ion line to a coil worn around the thigh of the pa-
tient during clinical monitoring. This coil consists of 3 wire bundles
each of 23 turns of litz wire, 8 inches in diameter, mutually coupled to
the tapped coil of the oscillator which consists of 500 turns of 36
q.1 1 ule teflun coated 1-latinum wire. The voltage developed across the
pickup coil is approximately 14 volts and, after being bridge rectified
and regulated, supplies the required 8 vol t s at 15 mA.

Per fotma_nce. F.ach 5 ms telemetry frame starts with a i g lus, minus
full scale and zero, sync and calibration sequence, followed by the
verticle and transverse moments, the three axial measurements and a re-
peat of the two moments (10 channels), Hance, the sampling frequency of
the moment measurements is 400 Hz while that of the axial compression
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is 200 Hz. The tran r ,mitter oper-
ating at 90 Ml1z has a 1 mW output
with a modulation linearity of
1Krt t er than 1 ♦ for carrier devia-
tions up to 2 75 kHz. System SNR
of the feasibility uuodel sy:.tem
c,hown in Fiyuro 3 has been mea-
sured at greater than 50 dB at 5 m.

CUNCLUS 1 ONS

This hiotelenu o try system is
still under development arid hence
will certainly undergo further
metamorphosis. Since the feasi-

Figure 3. Exploded view of	
bility model ball diameter is

Telemetry Module and Frur;thesis	
38 mm, near term goal is to reduce
the mother beard diameter to be

compatible with installation in a 32 nun prosthetic hall.

ACKNOWLEDGEMENTS

The authors wish to ackr►uwledge the L_)ntributions of R. Postal, J. Rice,
and D. Lo Gfurato at JPL.

REFERENCES

1. Proceedings of a workshop on Internal Joint Replacement It 	 at
Northwestern University, March 3, 1977, sponsored by Rehabilitation
Services Administration.

2. Paul JP: Bioengineering Studies of the Forces Transmitted by Joints.
In Biomechan ics_and Rel ated Moen ineeringTopics, ed. RM Kenedi,
pp. 369-380, Pergamon Press, Oxford, 1965.

3. Rydell NW: Forces acting on the femoral head-prosthesis. From the
department of orthopaedic surgery, University of Goteborg, Sweden,
AB Litotyp, Goteborg, 1966.

4. Frankel V11, Burstin Ali, et al: Piotelemetry from the Upper End of
the Femer. J. Bone and Joint Surg., Vol. 53-A, No. 5, p. 1023,
July 1971.

5. Tharn CK: Design Construction arid Testing of a Voltage Controlled
Oscillator, MSEE thesis, UCLA, 1974.

6. Bucklen WK: An Inductively Coupled Power Supply for Implanted
Biomedical Inst rurientat ion, MSEE t l)esis, UCLA, 1975.

7. Norwicki T: Implant telemetry for artificial joints, Ph.D. thesis,
UCI.A, 1977.

B. Carlson CE: A radio telemetry device for monitoring cartilage
surface pressures in the 'ruman hip, IEEE Trans Biomed Engr 21-4,
July 1974.

A-4	 4



APPENDIX B*

GRANT APPLICATION

The pagination shown in Appendix B indicates the
original pagination of the document and has not
been changed to reflect the pagination of the
present report. Pages 3 through 16 and 39 are
not included from the Grant Application.



—1— B-J,

SECTION I	
form

.S. 66."R#9
DEPARTMENT OFLEAVE BLANK

HEALTH, IMUCATION. AND WELFARE	 TYPE R	 M	 UMBERPUDLiC NEALTM gERVICE

GRANT APPLICATION

. TITLE OF PROPOSAL FOS not

FIRST 12-MONTH PERIOC

The Regents of the University of Call f. 	 UCLA - Los Angeles, Ca. 90024
University of California	 A) Biomechanics Research Section,
405 Hilgard Avenue	 Rehabilitation Center.
Los Angeles, Ca. 90024	 B) School of Medicine

Center for the Health Sciences

►E 213	 1 825-
A PIT MEN,f 11^ VILE,
Ironvenond

School of Medicine
7. Pl assorCh involving 	 urman gubjecti	 w nAtrucawrJ nvenuorm	 enJwa	 rC,nrs only - soar MrrY 6"-

A,O NO •.O YES Approved; A.O NO 11,0 YES — Not previously reverted
CX= YES - Pending Review	 Dole C. OYES - ►rovioudy reports@

TO BE COMPLETED BY RESPONSIBLE ADMINISTRATIVE A0 WORITY !Item! • thou/A Nand ISSI
S. APPLICANT OR ANIZA ION ( 	 N IrrJrrwCrronJ it	 TYPE OF ORGANIZATION 101vock !applicable i reml

OFEDERAL 03STATE O LOCAL 0OTHER NOWih1

The Regents of the University of Calif. ..
University of California IZ NAME I L, A	 rl L	 H N	 UMS	 P

OFFE
405 Hilgard Avenue

OFFICIAL IN BUSINESS	 IC	 WNO SHOULD ALSO BE
NOTIFIED IF AN AWARD IS MADE

Los Angeles, Ca.	 90024
Philip E. Costic
Contracts and Grants Office
UCLA
Los Angeles, Ca.	 90024AM	 I L `, AND TELEPHONE NUMBER	 i IAL

iaGNiNG FOR APPLICANT 4RGANIZATiONISI TelephoneNumbit	 21 ,31 a7r, -nF;g6
11 IDENTIFY ORGANIZATIONAL COMPONE NT 	 IV -.PlM

Philip E. COsti C FOR INSTITUTIONAL GRANT PURPOSES IS« Imtraction,/

Contracts i Grants Officer School of Medicine

11.	 ENTITY NIIt1EE11 (Forotrly ►M5 Account Number)

TabphoneNumber (J213) 825-0628_ 1956006143A1
I& CERTIFICATION AND ACCE ►TANCL We, the undersigned, certify that the tnatemenlJ herein we taue end complete 10 the Met of Our

.tnowtedge and accept, M to any Front owarded, the obli gation to comply vw lh Public Hamlet Service terms and conditions In *"Oct at the *"Of the

o.wd,
SIGNATURES	 NAMED IN ITEM 2A	 DATE

ISignatuw required on
original CopY only,	 t, i1GNATUREISI	 ERS HIS) NAM O IN ITEM 16	 OAtE
Vat ink, "Per"ai/nerum
nor occptablol

PHS-398 (FormerlyNIN-398

?icationRev. 1-73	 Thi s appdoes not involve recombinant DNA



RClIAN' 
OI,!o"TMIHT 0' t4IALTH,IOUC!oTIOH. AND WI~."!o,,, 

"u.~IC HIALTM .'''VICI 

RESEARCH OBJECTtvES 
,..OJlCT NU~IE" 

NA~E ANO "ol')"i~6, !O"L.I&NTU~GANliAfioH .. 

The Regents of the University of California. University of California 
~Q5 Hilgard Avenue. Los Angeles, Ca. 90024 

NAMe. SOCIAl. iiculmy NUM.EA' OFFIC,"1. TlTL£, AND DII'AAfMlNf 01 Act ,,,o;iilioHlC ,USONiUL IHGlOCb ON 
'''OJICT. ICGINHING WITH ,,.,NC,,,,\. INVIiSTIG,.TO" 

Keith L. Markolf, Ph.D,  Adjunct Asso. Professor, surgery.Ortho/Biomechanics 
Harlan C. AmstlJtz, M.D. J  Prof. &. Chief, Orthopaedics 

,m.IO, ,,.6Act 
Iotal Hip Implant - Biotelemetry 

~ THIS S'ACE TO AIST"ACT YOU" '''01'05EO fllS£A"CH. oun.'NE alJ£CTlVES AND METHOD~. UNOE"SCORi THE Kav WOAOS 
INOT TO UC:UO 'OliN YOU" AISTMCT. 
This research proposal represents a collaborative effort between the Biomechanics ReseArch 
Section of the UCLA Division of Orthopedic Surgery and the California lnstitute of TechnoloQY 
Jet Propuls'lon Laboratory. Our express objective is the design and development of a special 
tot~; hip femoral component which will contain within it a miniaturized biotelcme~ system 
capable of broadcasting signals received from ~lra;n gauges mounted with1n-tn~nec of the 
prosthesis. The prosthesis will be inductively powered by an external coil worn around the 
thigh of the patient. thereby eliminating the need for internal batteries. These strain 
readings will be analyzed by computer and combined to display the th~e~ force components 
and the magnitude and orientat1un of the resultant force vector acting on the head of the 
prosthesis. The present proposal is directed toward the design of the implant, refinement 
of the telemetry system performance, development of the Bower induction system, assembly 
of a data recoher~ system, a mechanical tesliill!. program cesigned to assure the structural 
;1,tegrftY-OT"t e 1mplant and finally a leak-test program to Qssure the henneticity of the 
total system. In vivo lvading data of an implanted total 'oint t'osthesis is not presently 
available in the literature. The peak loads and the impact uratl0ns are mportant for 
analysis of prosthetic loose~ing. acrylic fractur~ and pro~thesis breakage. Such data will 
find direct application for flAtigue analysis of implant failures, progralll11ed input into 
total joint simulators and input into fin'ite-element models of implanted total jOints. 
In vivjt loading data will provide an objective clinical basis for general recommendations 
'(if'i5'O!:It-operative patient activities, stich as proper use of walking aids, riSing and 
sitting, climbing and descending stairs and ramps, etc. This data will also allow valida­
tion of eXisting mathematical models of the hip, and lead to refinements in the assumptions 
made in their construction, thereby leading to important advances in the state of the art 
of biomechanical modeling of the musculoskeletal system. 

LI ~''-'A':'':V::-E=:'I.A:"'::':'!'N~K------·------'''·'''·-------------------

PHS-3~B (for~.rlr NIH-3~B) 
!lev. 1-7) 

B-2 -2-



-17- B-3

Markolf, Keith L.

TOTAL HIP IMPLANT BIOTELEMETRY

RESEARCH PLAN

This research proposal is a collaborative
effort between the Biomechanics Research
Section of the Division of Orthopedic Sur-
gery, University of California at !„os
Angeles (UCLA) and the California Institute
of Technology Jet Propulsion Laboratory
(JPL), Pasadena, California.



A.	 SPECIFIC AIMS	
i'iarkcff, Keith L.

The express objective of this proposal is the design and development of A
special total hip femoral component which will contain within it a miniaturized
bfotelemetry system capable of broadcasting signals received from strain gauges
mounted within the neck of the prosthesis. The prosthesis will be inductively
powered by an external coil worn around the thigh of the patient, thereby elim-
inating the need for internal batteries. These strain readings will be analyzed
by computer and combined to display the three force-components and the magnitude
and orientation of the resultant force-vector acting on the head of the prosthe-
sis. This information will vastly improve our understanding of hip biomechanics,
provide information of use to clinicians in post-operative recommendations to
their patients - thereby enhancing the overall quality of their medical care -
and lead to important advancements in implant design. It is not our Ojective
in this proposal to provide prostheses for actual patient impTa ntation; this
will be thegoal of a follow-on proposal. The present proposal is directed
towards the design of the implant, refinement of the telemetry system perform-
ance, development of the power-induction system, assembly of a data-recovery
system, a mechanical testing program designed to assure the structural integrity
of the implant and finally a leak-test program to assure the hermeticity of the
total system. All test data gathered from this project will be presented to the
UCLA Human Use Committee for their consideration and approval before proceeding
into the patient implantation phase of the program.

Due to volume requirements for the strain gauges and telemetry module,
the implant will be somewhat larger than many existing models of conventional
human hip-replacements, and will utilize a 35 millimeter-diameter ball, Extensive
in vitro testing has been selected as opposed to animal implantation. This is
'fie *_o practical limitations in the sel4ctlUn of a suitable experimental animal.
Even though a large experimental animal such as one of the pongids (the orangutan,
the chimpanzee or the gorilla) could possibly accept our human-size implant,
assuming surgical techniques and instrumentation could be developed for a total
hip operation on the animal, dissimilarities in musculature, gait and activity
would produce implant-loadings different than those expected in the human. Such
a study would therefore not validate its safety for human application, In contrast,
there is a great body of practical knowledge of current human hip-replacement design-
configurations. The wide range of sizes and shapes of implants currently available
along with their performance records gives us practical guidelines for the modifi-
cation of existing desi gn-concepts for our specific application. It is this approach
that we have chosen to follow, and our efforts will be directed towards extensive
laboratory testing to satisfy ourselves (and the UCLA Human Use Committee) that our
implant will perform as designed.

1. twelve multiplexing and twelve transmitter submodu1t: >*. will be fabricated, bench-
tested and subjected to environmental and accelerated life-tests to assure system
reliability. In addition, twelve complete telemetry assemblies will be prepared
for insertion into prototype prostheses for mechanical testing.

2. A special femoral component utilizing our 35 millimeter ball-and-neck load-cell
configuration will be designed and twelve prototype models machined from cold
rolled 316 stainless steel will be subjected to mechanical tests to assure struc-
tural integrity and accuracy of calibration.

3. The power-induction system design will be modified to improve stability and
efficiency, and to reduce the size and weight of the external coil and battery pack.

4. Hermeticity of the sealed femoral components will be verified by leak-tests before,
during and after fatigue-testing of prototype units. Two units will have simulated
breaks in the stem and ball regions to evaluate the secondary seal system.

5. Biocompatibility of the prosthesis coil located at the stem tip will be verified
by implantation into dogs and subsequent histological examination.

6. A data-recovery system will be developed to process and display the telemetered
strain gauge information in a format which is convenient for clinical interpretation.

t
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Markolf, Keith L.

B. SIGNIFICANCE	

In 1976, over 100,000 total hip-replacement operations were performed in the U,S.A,
alone 10 . Symptomatic loosenings have been reported to vary from 3 to 54 per cent,
with onsets anp=ng from as early as six months, increasing with time after opera-
tion	 X-ray evidence of femoral canponent looseness has been noted
to be in excess of 20 per cent in published series from UCLA "and the Mayo Clinic'.
Beckenbaugh " reported failures due to prosthetic loosening with Subsidence in up to
24 per cent of pat. nts in as little as seven years. Chandler) noted a failure-rate
of 54 peg• cent after only five years in patients under thirty years of age. Femoral
component stem breakage has been reported to vary from .23 to 8 per cent ?i t 04 04 PZ$127,

These numbers can only grow as total hips are implanted into increasing numbers of younger,
active patients who have expectations of increased levels of performance from their
diseased Joints. In light of these alarming statistics, it is astonishing how little is
known about the dynamic forces acting on the hip Joint and their relationship to clinical
complications of the surgical procedure.

It has long been recognized by clinicians that the forces in the hip Joint can be
high for certain activities. A simple static analysis of the upper torso during stance
phase of gait shows the forces to be two to three times body weight. However, few load-
lfo ,vw of the hip are static in nature, and analyses based upon anatomic simplifications
are most certain to be in error. The multitude of possible patient movements makes
analysis of all activities of interest impractical, hence, new techniques to study hip
forces are needed. The long-term clin l1 al success of total joint replacement depends
upon the ability of the bone-implant system to withstand the forces applied to it.
Mechanical complications of implant breakage, cement fracture, skeletal loosening and
component wear are directly related to the transmission of force across the Joint. The
dynamic or history over time of these forces are also important for predicting implant
performance. Accurate data on these vital subjects are lacking in the literature.

CALCULATION OF JOINT FORCES

One method of estimating Joint forces involves calculations based upon mathematical
idealizations of joint geometries, material properties and assumed loading conditions.
Morrison 25 calculated forces developed in the knee Joint during gait from force-plate
data. The maximum Joint force calculated in the knee for level walking was two to four
times body weight. Smidt 2 °calculated forces in the knee joint for maximum isometric
contractions in various positions of knee flexion. The compression force at the tibial-
femoral Joint ranged from 0.4 to 3.4 times body weight. It is worthwhile to compare
calculated forces present at the knee and hip during gait. Paul 26 , using a force-plate
analysis similar to Morrison, calculated maximum loads in the hip of 2.3 to 5.6 times
body weight. More recently, Johnston"has calculated hip Joint forces from a new three-
dimensional mathematical model which includes dvanced representations of the hip mus-
culature and geometry. Footplate reactions, kinematic data and mass distribution of
the body segments are combined into a Newtonian model of the lower extremity to calculate
the inter-segmental resultant forces and moments. This model was used to evaluate the
effects of surgical placement and femoral component geometry on the resultant hip load.

The Joint and ligament forces calculated from these studies are the result of a
mathematical idealization of joint anatomy. The force values quoted are only approximate
and the errors involved in the analysis have not been estimated. Clearly, in vivo data
would contain dynamic effects, including the musculature which can only be est'^ ti a d in
analytical calculations,

IN VIVO MEASUREMENTS OF JOINT FORCES

There are two major studies dealing with direct in vivo measurement of human
hip loading. Rydeil 2 instrumented two modified Moore emlarthroplasty prostheses which
were bonded to the inner surface, The wires to the gauges were housed within a metal
cable which was left beneath the fascia until six months after surgery, at which time it
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was brought out through the skin and connected to recordin t. Viluable measure-
ments of the hip force components and friction between the metal head and ~cetabular 
cartilage were recorded, but the usefulness of his device was limited by the relatively 
short period of time available for data acquisition dUe to potential infection and skin 
intertace problems from thp, instrument cable. Avai1«bi1ity of a telemetry system would 
have been a distinct advantage, but the state of the art of micro-electronics fifteen 
years ago was not sufficiently advanced for this applicatinn. 

Frankel and Burstein 1$ were the first in~estigators to utilize an implantable bio­
telemetry system to measure joint loadlng. A specially designed hip nail was hollowed 
out in the plate portion to receive relatively bulky discrete electronic components which 
were powered by miniature batterie~. At least three such devices were implanted ~n 
patients who had sush.ined femoral Mck fractures. As the fractures healed, the pro­
portion of the load carried by the hip nail diminished. The useful period of data 
acquisition was limited to from nine to twelve months by the shelf life of the batt"lries. 
Hip loads for a variety of patient-related activities were recorded and m~ny wel1-estabQ 

lished axioms of post-operative patient management have been ques:'foned in view of their 
findings. 

Carlson' "'deseribed a 16-channel multiplex FM bfotel'!metry system suitable for 
implantation within the hollo~1 head of a modified Moore hemiarthroplasty. The purpose 
of this device was not to measure hip load directly, but rather the pressure distribution 
across the acetabular cartilage durin~ in vivo loading conditions. For this purpose, 
fourteen nliniature pressure transducers were located on the inner surface of the sphere. 
The system was designed to be powered by an external coil worn around the patient's limb, 
allowing tr~nsfer of RF energy into the implanted device to energize the strain gauge 
bridge circuitry. The system utilized modern integrated circuits special1y designed for 
this application. Although their system is available for implantation, a suitable recip­
ient has not yet been found. 

THE JPL-UClA TELEMETRY SYSTEM 
Design of a practical radio telemetry system for artificial joint implant applica­

tions requires careful consideration and analysis of the following factors: system 
phy~ical size, DC power consumption, number of desired channels of information, type of 
signal processing (modulation and multiplexing) to be employed, radiated frequency and 
PF power level, method of providing primary DC power, system complexity, system accuracy 
and stabi;ity, and reliability. In addition, considering economY and reliability of 
reproduct)~n, the system 'should employ standard eXisting electronic components wherever 
possible. The most severe design constraints imposed by the above factors are the 
desired low DC power drain and small physical size. These conditions can be satisfied 
by using micro"power integrated active circuits, such as the Complementary MOS devices 
in the chip configuration, and employing hybrid techniques for system integration. In 
order to minimize possible noise problems, the transmitter output will employ FM modula­
tion tather thJn AM. The RF frequency will be chosen to be within the 88 to lOB MHz 
band to allow signal detection and demodulation by means of a standard FM broadcast 
receiver. The time multiplexer unit for Pulse Amp1itude Modulation contains a digital 
clock, counter and channel selector to provide sequential energizing of strain gauges. 
The counter and channel selector will consist of a single comm~rcially C-MOS integrated 
circuit allowing up to ten channels of information. The principal advantage of this 
multiplexing scheme is the low power consumption achieved by the use of C"MOS circuitry 
and high resistance semiconductor strain gauges which are energized one at a time. Four 
of the ten channels will be used for synchronization and calibration, leaving six 
useful channels of infonnation. T/'le sampling rate of 200 Hz should provide more than 
adequate frequency response for the anticipated frequency spectrum of the prosthetic 
joint forces. 
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ItIPORTANCE 
Harkolf, Keith L. 

In vivo data for loading of an implanted total joint prosthesis is not presently 
available in the literature. Such data will be inyaluable for a variety of practical 
cons i dera t ions: 

a. The peak loads and the impact durations are impo~tant for analysis of 
prosthetic loosening, acrylic fracture and prosthesis breakage, Such 
data would find direct application for fatigue analysis of implant failures, 
programmed input into total joint simulators and input into finite element 
models of implanted total joint~. 

b. In vivo loading data will provide an objective ~linical basis for general 
recommendations of post-operative patient activ;,ies, such as proper use 
of walking aids, ri~in9 and sitting, climbing and descending stairs and 
ramps, etc. This information will be of particular ~~nefit to the patient 
receiving the implant. 

c. Existing mathematical models of the hip, such as developed by Crowninshield 13 

and associates, rely on force-plate input data to c(.lmpute muscle and joint 
forces. In vivo hip joint telemetry provides an excellent technique for 
validation of these models. A patient with an implanted hip prosthesis 
cClIld walk on the force plate and the in vivo readings obtained from bio­
telemetry could be compared to the computed force profile from the model. 
This will lead to refinements in assumptions made in construction of the 
model, and to important advances in the state of the art of biomechanical 
modelling of the musculoskeletal system. 

d. The direction and magnitude of acetabular cup wear is of clinical interest. 
Wear measurement by serial comparison of patient x-rays is plagued by many 
sources of error, one of which is the unknown direction of wear in any 
given patient implantation. Our in vivo measurements of the force vector 
will indicate the contact region within the cup and also provide the contact 
force magnitude, its duration and its frequency of occurrence. This infor­
mation is necessary to establish accurate input levels for laboratory wear 
simUlations. 

The proposed telemetry system will have a number of d'istinct advantages for this 
particular application. 

a. Reliance on batteries has been eliminated by induction powering in the implant, 
thus assuring long-term retrieval of information from the patient. 

b. The miniature electronics utilizes recent state of the art advances in 
optimized hybrid integrated circuit design. 

c. The JPL-UClA system will be significantly smaller and will consume far less 
power than any telemetry system previously developed for orthopedic applicatior,s. 

B-1 



C. PRELIMINARY STUDIES 
SYSTEM DESCRIPTION 

Markol f. Keith L. 

A biotelemetry nackage small enough to fit into the hollow stainless steel ball 
of a total hip joint replacement prosthesis to allow in vivo measurements of loads 
across that joint has been designed and various models fabrfcated and evaluateds,' The 
ball size which initially was 38 millimeters in diameter. has been reduced to 35 mil­
l imeters ~n the recommendation of Dr. Amstutz. ',lith this size ball, the ht!ad-neck 
ratio is comparable to other designs in clinical use, and the risk of component dislo­
cation will be reduced. Although further j'eductions in ball size may be possible in 
the future reductions in the neck size are far mor~ difficult to achieve due to accom­
panying de~reases in strength and incrr.ased difficu'lties of strain gauge placement and 
wiring within the central neck region. The telemetry unit is designed for very lo~g 
life with the use of electronics packaging technologies inherited from those used ln 
deep space appl icattons. I~O batteries requiring replacement are used, but rather i~ 
is powered only during cli1\iral monitoring sessions by low frequency RF induction Vla 
a cuff temporarily worn by the patient around the top of the thigh. In the laboratory 
setting, the induction oscillator will be powered by a thin cord attached to an elec­
trical supply outlet. A portable battet~ pack is also planned for field studies. 

The forces of interest are measured by miniature strain gauges bonded inside the 
prosthesis neck, formatted and conditioned by the multiplexer submodl!le, and transmitted 
out of the body via the FM antenna at the tip of the prosthesis stem. The signals can 
then be detected by an external radio receiver, located nearby and fed into a decoding 
and display system for readout and final interpretation. 

Figure 1 is a functional block diagram of the telemetry system. It is separated 
into the internal telemetry package and the external power induction, data recovery and 
display instrumentation. The internal elements function to conmutate thestrain gauges 
at it ;100 Hz rate b,Y means of a decade counter synchronized by a 2000 Hz clock. The 
counter controls a lO-channel FET switch assembly which connects the strain gauges 
sequentially to a DC amplifier. The amplifier modulates a voltage controlled oscillator 
to frequency modulate a transmitter with frequency swings proportional to strain gauge 
outputs. The external FM receiver Qutput is synchronized to the internal multipleXer 
such that the channel outputs are decoded and measured for recording on oscillographic 
or magnetic tape recorders. Calibration pulses precede the data pulses and consist of 
a full scale (sync) voltage in each polarity followed by the zero level. The sync 
signature is used by thr. data recovery sYfitem to identify the data channels. The cali­
bration channels identify the full scale and zero output levels. Displays for both real 
time and recorded pla)back functions are provided by the data recovery and display 
consoles. 

A sectional view of the instrumented prosthesis is shown in Figure 2, and illustrates 
the placement of the various components mounted within the unit. The stem configuration 
is shown for display purposes onl~'; this geometry is not the planned version for the 
prototype implants. Eight active strain gauges, spaced 45 degrees apart in the highest 
stressed area around the inner periphery of the neck, provide the means of measuring 
the vertical and transverse moments and axial force data (along the axis of the neck) 
required to resolve the magnitude and direction of the force vector at the joint. All 
three components of the resultant femoral head force can be measured with respect to 
the prosthesis ball and neck. Orientation with respect to the patient's skeleton 
\'Ji 11 be determi ned by x-rays. 

Four more gauges are ustd than the minimum number necessary to provide the data 
required. This is done to pro~ide redundancy such that any on~ gauge or telemetry 
channel can fail and with some minor reprogramming of the data recovery format normal 
operation can be restored. Since semiconductor strain gauges are highly temperature­
sensitive they are paired together in order to compensate for this effect. The pairs 
of vertical and transverse gauges are connected together to provide direct measurements 
of the vertical and transverse moments. In order to make the axial force measurement 
and to provide the redundancy mentioned, each of the axial gauges is paired with a 
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mechan;ral'y isolated dummy gauge for temperature compensation and its data is tele­
metered out on separate channels. Even though data from only blo diametrically 
opposed axial gauges is required to resolve the axial force, under normal operation 
all four axial gauges are algebraically summed for better accuracy. In the event 
of a fa il ure of one ;)f the llloment gAuges or channel s ,) the axia 1 channel s can be sUl11l1ed 
in adjacent pairs and differenced with opposite pairs to reconstruct a moment measurement. 
" The telemetry assembly is mounted in the prosthesis ball which is sealed using 
electron beam (E-beam) welding. The stainless steel feedthrough at the stem tip is 
also E"beam welded and contains three platinum pins with glass inSUlation to provide 
the electrical interface to couple 1) the RF signal to the FM antenna and 2) the 
power induction pickup coil to the telemf.ltry assembly. These hermetic seals are pro­
cured from Astroseal, a qualified manufacturer of space and biomedical quality elec­
trical feedthr~ughs. The two-turn gold wire antenna and 738-turn picku~ coil are 
wrapped around the stem tip and are protected with a plastic cap. 

TELEMETRY ASSEMBLY 
The telemetry assembly provides timing and multiplexing of strain gauge output 

data onto an FM transmitter carrier as well as ~~nditi~ning of the induGtion power. 
The asseml;lly is packaged into two hermetically sea~ed ceramic submodules using space 
techno',ogy techniques that allow reliable circuit, miniat.urization. A photograph of 
the multiplexer and transmitter submodules (unsealed) is given in Figure 3. 80th 
submodules employ hybrid elements on an alumina substrate in a typical microstrip 
fabrication technology. The transmitter submodule contains a DC amplifier, VCO FM 
transmitter, power induction re~ttfier-bridge and voltage regulator. Similarly, the 
telemetry multiplexer submodule consists of the clock, decade counter and FET switches. 
Both submodules are connected to an assembly circuit board ~sing conventional solder 
techniques. The complete telemetry assembly, with sealed submodules attached to the 
assembly circuit board, is shown in Figure 4. The telemetry assembly was first built 
in discreet component form in 1977 and in miniaturized form suitable for a 38 milli­
meter ball in 1978. The assembly has recently been reduced in size to fit within a 
35 millimeter ball, An auxiliary terminal board, located at the intersection of the 
ball and the neck, has also been included to allow both trim and gain-set resistors 
to be included for the six active channels. Only minor modifications have been made 
to the submodules since the original concept and those were due to changes necessi­
tated by data channel rear,s'ignment, and the use' of a more efficient voltage regula­
tion chip. 

PRELIMHlARY LOADING TESTS (STRAIN MEASUREMENTS) 
Of prime importance is to assure that overall telemetry system sensitivities along 

with measurement resolution and accuracies will be sufficient to meet clinical data . 
recovery requirements. Static stress tests at JPL of a mechanical model prosthesis 
ball and neck region complete with strain gauges and a telemetry assembly have shown 
that load components can be reconstructed from telemetered output data with an Uncer­
tainty of less than 9 per cent. Figure 5 shows a sectional view of an instrumented 
mechanical model of the prosthesis ball and neck regions, while Figure 6 is a photo­
graph showing the placement of the semiconductor strain gauges in the neck area inside 
the unit. In this earlier model six active gauges are attached directly to the inner 
neck along with six dummy gauges attached for thermal tracking and mechanical isolation. 
For the stress tl~sts the prosthesis was mounted in a test fixture that allows loading 
to be applied at various roll and tilt angles. A pictorial view Jf the fixtUre con­
figuration for a 30 degree tilt position is illustrated in Figure 7, which also includes 
a diagram of strain gauge locations at that time. The laboratory test set showing a 
prosthesis under load in a 90 degree tilt position is shown in Figures 8 and 9. loads 
are applied to the prosthesis through a load cell extension bar which eliminates torsion 
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between the hydraulic ram and load cell. Results from earlier tests performed witho~t 
the torsion bar gave erroneous gauge output readings caused by inconsistent load direc­
tion. For the 30 degree tilt test, loads were applied to the prosthesis in 200-lb 
increments from 0 to 1000 lbs. Results of the six telemetered gauge outputs were pro­
cessed with a computer/plotter program and are given in Figure 10. 

Near the conclusion of the planned series of static stress tests on the develop­
mental model prosthesis the force controller on the Mrs test machine was inadvertently 
switched to an open loop configuration and the unit was overloaded. The IIIc1ximum force 
applied before control was restored reached 5100 lbs and resulted in a permanent 
deflection of the ball and neck region of 3,5 degrees from the original axis of sym­
metry. This 'overload test' therefore establishes a measure of the factor of safety 
in the design. 

PRELIMINARY TESTING OF THE POWER INDUCTION SYSTEM 
The power induction system, designed to eliminate the need for internal batteries, 

has taken a significant design effort. A chronology of this effort began with the 
system design which was initiated at UCLA and then transferred to JPL at the end of 
1979. The system component parts were then interfaced and tested to determine the 
power system stability and efficiency as well as adequacy in power transfer as a func­
tion of external/internal coil alignment and load impedance. The function of the 
power induction system is to furnish the secondary coil (interllal) with sufficient 
energy to power the telemetry electronics for a varying range of osci11atQr induction 
coil (external) placement. The external oscillator coil is driven by a modified Hartley 
power oscillator and develops a high electromagnetic field that induces energy into 
a prosthesis-mounted secondary pick-up coil. Power transfer tests have been performed 
~sing several materials for the secondary coil. Performance using both platinum and 
gold wire is substantially less than the original UCLA design using copper. For human 
co~mpatibility considerations, however. gold wire has been chosen as the best performer 
of non-copper materials tested. 

Carlson' reported on a somewhat similar induction system, utilizing a ferrite core 
wlLhin the pickup coil to improve electromagnetic power coupling. The efficiency of 
his system was apprOXimately 10 per cent at an input power level of 5 watts. These 
power levels are far too low to be of concern for tissue damage from radio frequency 
energy and heating effects. Schuder et al z, studied power transmission through 
inductive coupling in the chest wall o~the dog. They concluded that one hour per day 
operation at a power level of 1 kilowatt produced no apparent harmful effects. Only 
a slight temperature increase (3 degrees F) was recorded in tissues adjacent to the 
implanted coil. It should be noted that the power levels in these experiments were 
approximately 100 times greater than the levels proposed for our system. 

Laboratory tests of a gold secondary coil wound on a simulated prosthesis stem 
'rfc:re performed to determine system power transfer as a fUnction of (1) vertical 
placement between external and internal coils and (2) telemetry circuit loading. A 
pictorial view of the component arrangement for the power induction system test is 
illustrated in Figure 11. Vertical placement of the secondary coil was varied about 
the induction coil centroid by raising and lowering a ~mlley mounted cord attached to 
the prosthesis. Horizontal placement tests were not performed since horizontal dis­
placement about the centroid always results in increased power transfer. Results for 
the vertical placement tests are shown in Figure 12. 

As shown. sufficient power transfer is obtained for vertical displacements of 
-2.5 to +1 inches for a maximum load of 1300 ohms and a minimum required telemetry 
voltage of 10.3 volts. The five load plots represent a range of telemetry circuit 
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loads that are dependent on telemetry c~mponent selection. Since the positional 
performance was acceptable, the next step was to power a fully operational prosthesis 
complete with secondary coil, telemetry transmitter, and antenna. As shown in Figure 
13, th~ prosthesis was suspended in the center of the induction coil and placement tests 
were performed as before. The transmitted signal was received over an air link of 4 
feet with receiver decoded data ouputs presented on the scope as shown. Test results 
show the UCL~-designed power induction system is functional; however, marginal sta­
bility and low efficiency make it almost imp"actical to use as designed. The present 
method of winding the pickup coil directly on the stainless steel stem would require 
a battery pack (if portability 1s needed) that weighs about 10 lbs to be worn by the 
patient for 30 minutes o( use. The excessive weight is requited because of the low 
efficiency of the secondary coil, as it is wound on what would be considered an elec­
trical short circuit. This can be improved by isolating the coil from the st~~. Two 
alternative methods will be investigated. The first spaces the coil out from t~e tip 
metal with a dielectric form. The second concept involves winding the coil around a 
plastic extension of the stem tip, thereby eliminating the metal core which is dras~ 
tically reducing the system efficiency. The induction oscillator system also requires 
some redesign to increase both its stability and efficiency. Additionally, the oscil­
lator coil will be redesigned in cross sectional format from the toroidal bundle shown 
in Figures 11 and 12 to a thin cylindrical layup to better fit the recipient's thigh. 

PRELIMINARY WELDING AND LEAK TESTS 
Since the prosthesis shell represents the primary barrier between the recipient's 

tissue and body fluids and the internal electronic components, considerable design 
effort has been expended to insure that it 1) can be completely sealed with minimal 
effect on the internal electronics, 2) has sUfficient ~trength not to break and 3) 
tan be tested after assembly. Electron beam (E-beam) welding has been chosen as the 
best sealing method that satisfies all the above requirements. The E-beam weld is 
accomplished by rotating the prosthesis in an evacuated chamber while directing a high 
energy electron beam at the sealing joint. The weld sealing operation is accomplished 
in 4.5 seconds through one plus revolutions of the prosthesis. One of the main con­
cerns of this process is the effect of heat produced by the electron beam on the 
internal electronic components. Another concern is the seal itself: how well it 
prevents fluids from entering the prosthesis. To assess the temperature effects on 
the internal electronics, several sample prostheses were instrumented for internal 
temperuture prMiles near the weld joint during sealing operations. It was determined 
tha'% ,~~m"';llg sealing, temperatures beyond 0.125 inches from the joint do not exceed 
lZ1t\tll~'t:iJ!; C which is well within the manufacturer's ratings for all components 
used. the temperature at the sensitive semiconductor strain gauges is not expected 
to exceed 50 degrees C during the processing which is well below the manufacturer's 
maximum operating temperature of 175 degre~s C. A prosthesis with a telemetrY assembly 
installed (see Fig. 5) was then sealed to assess the effects of E-beam welding on 
the telemetry functions. A comparison of measurements before and after sealing showed 
the welding operation had no effect on the telemetry electronics. A pre-sealing view 
of the prostheses electronics and scope-displayed telemetry output is shown in Figure 14. 

The results of the hermeticity test after welding were as expected, with both the 
wet test and he1 ium test shol'ling no gross leakage, and the he1 ium mass spectrometer 
measuring a fine leak rate of only 5.9 x 10-ecc/sec He. The accepted leakage rate for 
spac~ flight electronics is 1 x 10- 6 ccisec He, as specified by military standard 883B. 
After this initial set of leak tests, the ball was ground and polished, a process step 
required to remove external evidence of the welding step, and the functional electrical 
and gross and fine leak tests were repeated with similar results. 

·JIWJ.INltL PAG l,<i Ib 
OF POOR QUAI .. ,J1Y 
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PRELIMINARY BIOCOMPATIBILITY TESTING 

A stainless steel feedthrou~h (to be located at the st':ml tip) was mounted i,l a 
316 LVM stainless steel capsule (shown in Fig. 15) and implanted into the back muscle 
of a dog. The dog was sacrificed at eight weeks and the capsule and surrounding tissue 
was removed for routine histological analysis. The outer surface of the metal capsule was 
surrounded with a thin fibrous membrane, as expected for 316 stainless steel which 
has high biocompatibility. Tissue had infiltrated the holes in the capsule wall and 
completely sut'rounded the platinum pins and gold wires. Histological examination 
revealed mature collagen fibers, fibroblasts and no evidence of acute inflammatory 
reaction in the vicinity of the platinum/gold junction. Pull tests of the gold/ 
platinum weld on the pins opposite the gold coil are planned if the soft tissue can 
be successfully dissected free of the thin gold wires. 

D. METHODS OF PROCEDURE 
1. Telemetry Performance Tests 

In order to assess the degree of reliability of the internal electronic 
assembly, several groups of sealed submodules will be subjected to mechanical environ­
mental tests as well as operational stress at elevated temperatures. A total popula­
tion of twenty-four submodules (12 multiplexers and 12 transmitters) will be fabri­
cated from parts kno\'m to be reliable either by burn-in or by manufact.urer screening. 
Upon post-seal acceptance, the submodules will be subjected to environmental shock and 
vioration followed by an accelerated life test, performed by splitting the submodules 
into two groups and subjecting each group to operational temperature tests at two 
el eva ted tempera tures separated by 50 degrees eel s i us until suffi c; ent fail ures have 
occurred to establ ish points on the Arrheni us curve. A performance eval uation of each 
submodule will follow shock and vibration tests and will also be performed at three­
week intervals during accelerated life testing. These evaluations will be compared 
with the post-seal baseline performance for each submodule. Comparative parameter 
measurements will include: clock rate, multiplexer reference levels, RF frequency 
and output level, modulation sensitivity and voltage regulation. 

Twelve complete telemetry assemblies (separate from the environmental test units) 
will be fabricated, tested and installed in prototype prostheses for mechanical testing. 
Ten of these have been scheduled into our static and fatigue loading programs. T~~ 
extra units will be available for substitution should electrical failure occur or for 
additional testing if required. The telemetry assembly consists of two sealed submodules 
attached to a mother board, strain gauges, and a balance/gain-set resistor board. 
Each submodule undergoes pre-seal and post-seal electrical evaluation, followed by 
a rel iabil tty /'."'Iurn-in and attachment to the mother board. The mother board is then 
lnterface-tested with the prosthesis shell, which contains the strain gauges and a 
welded feedthrough, for selection and installation of balance and gain-set resistors. 
After a final bench test, the system is calibrated in a static load test, after which 
resistance values are trimmed if necessary. The prosthesis is then E-beam welded and 
tested for hermeticity. 

TASK DIVISIONS 
All fabrication, bench testing, accelerated life testing and assembly of the telem­

etry system components will be performed at JPL. 
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A detailed design of the head and neck of the prosthesis (the 'load cel,1 portion) 
has been completed (Fig. 5). Preliminary load calibration tests have demonstrated an 
error of less than 9 per cent between applied load and calculated load (via telemetered 
output) in the 0 to 1000 lb range et a 30 degl'ee neck inclination from vertical. This 
design has gone through three iterations as modifications were required to provide 
broached flats within the neck for gauge mounting, changes in thread configuration 
to increase the outer wall thicknes, at the weld site, changes in the inner neck and 
shelf geometry to allow more room for active and dumn~ gauge placements, and finally 
a reduction of ball size from 38 to 35 mill imeters, made possible by a re.design of 
the circuit layout board and pin connection terminals. Bas~d upon our prior strain 
gauge studies of the necks of T-28, Charnley and Mueller prostheses 21 , and a stress 
analysis of the neck of the present configuration, we have conservatively estimated 
a factor of safety of two for our neck de~ign; that is to say, the stresses at the base 
of the neck of our device (the anticipated point of fai~ure) are approximately one-half 
those at a similar location of a commercially available implant. It is of interest 
that in the 30 degree loading configuration previously described, a load of 5100 lbs 
was required to produce a slight permanent bend in the neck (without fracture). We 
believe at this time that the head-neck portion of the implant is very close to its 
final design configuration, Attention will now be directed to the stem design. A 
number of strain gauge studies and finite element analyses have been performe~ on 
existing stem designs 1 ,2,12.21,21t.3lJH,33. AnticipatF.!d strain levels and Cf'OSS­

sectional geometries for currently available implants will ~e used as guidelines for 
preliminary stem design par'ameters. We plan to eventually select patients for clinical 
trials who have relatively large femora, and will be able to readily accept a 35 milli­
meter femoral component. It should be noted that other component designs such as the 
Buchholtz and Aufranc prostheses also utilize 35 millimeter femoral balls. The stem 
size and shape will be compatible with the configuration of the femoral canal as 
determi ned fr'om our pri or anthropometri c stud; es of the proximal femur 20 • Prototype 
stems will be machined from aluminum for trial fitting to a number of cadaver femora 
to assure adequate fit, space for acrylic, and propel' clearance for the distal induction 
pickup coil at the stem tip. 

The material we have selected for our prototype implants is cold-rolled 316 
LVM stainless steel. The strength, availability and eas~ with which this metal can 
be machined and welded. along with its proven bi~compatibility and wide clinical usage 
makes it an attractive material for our application. Initially, all prototype inlplants 
will be machined from bar stock in the UCLA orthopedic model shop. Once machining 
techniques have been developed for our twelve prototypes. we will eventually have the 
actual clinical implants fabl"icated by a commercial manufacturer. The .rnanagement of 
ZilTl11er USA has indicated a desire to participate in the project for the clinical trials, 
and it is anticipated that they will work closely with us in later stages of the program, 
The Zin~er production facility has considerable experience in machining T-28 and Charnley 
prostheses from cold rolled 316 staiuless steel. Although our stem will be larger in 
cross-section than these implants, to reduce the metal stresses, we do not antiCipate 
any additional difficulties in manufacture. 

A variety of mechanical tests are planned for the twelve prototype implants. 
These tests are desiQned to validate our final design configuration and to demonstrate 
its clinical safety.· Our mechanical testing will require jigs and fixtures for mount~ 
ing the implant to the test machine. Two types of support configurations are envisioned. 
The stems of the implants will either be gripped in an acrylic mould or cemented into 
fresh cadaver femora, which in turn will be mounted and gripped in the test machine. 
In our static and fatigue loading tests on T-28 and surface replacement pl'ostheses, 
we have developed techniques for potting the femur in acrylic cement and testing in 
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a saline-filled test chamber (Fig. 16). This technique has proved successful for 
fatigue testing to 20 million cycles at load levels up to 700 lbs. These testing 
techniques will be modified for the present study. 

CALIBRATION AND DEMONSTRATION (3 UNITS) 
Three prototypes will conta\n full gauging and telemetry and will be powered 

inductively, but will not be welded, These units will be mounted in fixtures for 
extensive load calibratTOn tests to determine system senSitivity and repeatability. 
Various neck inclinations, anteversion and retroversion positions and rotational 
orientations (about the neck axis) will be tested at low and high load levels to set 
the gain levels for the six strain channels. The threaded equator of the ball will 
allow l!ccess to the telemetry module and facilitate these adjustnh ,ts. Once cali­
brated, these units will be availahle for on-site demonstrations and for test trials 
with the data recovery system. 

STATIC TESTING IN AIR (2 UNITS) 
Two prototype units will be externally strain-gauged on the lateral stem and 

superior neck for static loading tests. These units will also contain a pair of semi­
conductor strain gauges on the inner neck, will be welded and sealed but will not 
conta i n telemetry components. The i nterna 1 gauges will be powered by hard wi reconnec­
tions at the feedthrough pins located at the stem tip. 

One unit will be potted in an acrylic block with rigid distal stem fixation 
(the 'cantilever mode') and loaded within the elastic range to si~Jlat@ a 'worst case' 
loading configuration. The second unit will be cemented into a fresh cadaver femur 
and loaded similarly. Conditions of cracked acrylic, a loose stem, and a partially 
fixed stem will be studied with multiple implantations of this prosthesis. New gauging 
may be required if the existing gauges are damaged upon implant removal. Once a range 
of loading orientations and fixation modes have been studied for elastic loadings, 
failure tests will be initiated and the load required to induce plastic strains in the 
implant will be measured. These will be compared to strain levels calculated from 
beam theory (neck portion) and to levels measured on con~ercially available implants 
in our prior studies 21 , and in other strain gauge studies ~f a similar nature 1 2q 31. 
Preliminary calculations for our ball~neck configurat;on sh~ws the anticipated strain 
levels on the superior neck to be approximately one-half those of the T-28 prosthesis. 
Experimentally measured strains will enable us to predict the true safety margin of 
our design over commercially available neck designs. 

FATIGUE TESTING IN SALINE (5 UNITS) 
Five sealed units containing full internal gauging and telemetry will be fatigue 

tested in a saline-filled chamber. Although these units will contain the gold induc­
tion coil at the stem tip, they will be powered by hard wiring through the platinum 
pins at the glass-metal feedthrough located at the stem tip. The coils will be present 
to test their mechanical integrity during the 'loose' implantations. These units will 
be mounted into fresh cadaver femora in a variety of 'best case' implantations (good 
position with full acrylic support) and 'worst case' placements (varus position with 
partial acrylic support). A sine wave loading profile will be applied to the femoral 
head in our MTS 812 servohydraulic test machine and gauge outputs and system perform­
ance parameters will be monitored. Typical loading frequencies will be in the range 
of twenty to thirty cycles per second with some testing at low rates (10 to 20 cycles 
per second). The testing frequency (and hence the test duration) will be influenced 
by the biological degradation of the fresh cadaver specimen. Longer tests at lower 
frequency with implants mounted in acrylic only will be run if specimen deterioration 
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should not become a problem. Loading orientations will range from 15-25 degrees 
inclination to the femoral shaft (expected load direction) to a worst case loading 
with the load parallel to the femoral shaft. Load rates. force levels and orienta­
tions. fixation configurations and test durations will be modified during the course 
of the testing program. It is anticipated that most tests will be in the force range 
of 500-1000 lbs and be terminated at 20 million cycles of testing. 

SECONDARY SEAL TESTS IN SALINE (2 UNITS) 
Our unit will have two barriers to leakage. The pr'fmary seal will be the two 

electron-beam welds at the ball and stem feedthrough. The secondary seals will con­
sist of a moistUreproof coating over the exposed soldered connections, resistors, 
capacitors, and ferrite toroid. A number of coatings are ~vailable for this put'pose, 
including silicone sealfrs, RTV, solithane and polyimid. The hole in the center of the 
stem (which will not weaken it substantia'l1y, since it is near the neutral axis for 
bending) will be bac~-filled from the bottom up with sealer and all exposed components 
coated. The final selection of se3ler will be made on the basis of its biocompati" 
b11ity performance. Two units will be tested for the effects of leakage of the pri­
mary seal (weld sites) and secondary seals. One prosthesis will be immersed in a 
saline-filled chamber and loaded cyclically. The ball of this unit will not be welded. 
The saline will be sampled at periodic intervals and a chemical analysis ~the amounts 
and composition of the leached solutes will be measured. This will represent a 'worst 
case' leakage situation (primary seal breakdown) and will give a baseline for future 
compari~ons. A second unit will be fatigue-loaded in a cantilever mode to produce 
a crack in the stem tip near the coil. The leakage of solutes up through the sealer­
filled hole in the stem (secondary seal) will be similarly measured. This mode will 
be more representative of an in vivo failure configuration. Chemical analysis of the 
fluids dnd the concentration levels will be evaluated with respect to potential human 
toxic effects. 

TASK DIVISIONS 
The prototype prostheses will be designed and fabricated at UCLA. The strain­

gauging, wiring and calibration-testing will be performed at JPL. The structural test­
ing (static and fatigue) will be carried out at UCLA. Secondary seal tests will be 
a joint JPL-UCLA effort with mechanical tests performed at UCLA and chemical analysis 
at JPL. 

3. ,Power Inducti on System 
The power induction system will provide the means for powering the prosthesis 

internal electronics for a number of laboratory tests as well as for the implanted 
units. Two configurations of the external power induction unit will be provided for 
this effort. They are described as 1) a bench-test unit for powering non-implantable 
test units, consisting of an external induction coil and oscillator powered by a bench 
supply, and 2) a clinical power-induction unit consisting of a waist-mounted oscillator/ 
battery pack with the external coil assembled in a thigh-mounted cuff, all of which are 
housed in a one-piece assembly made from a suitable fabric. The complete system 
includes a secondary gold coil wound on the stem of the prosthesis. In order to improve 
system power-transfer efficiency which would reduce battery power and weight, some 
redesign w~r~ will be necessary in the stem coil design. The present gold over stain­
less ste~l configuration results in lower than desired efficiency due to a shorted 
tUrn being presented by the stainless steel. Investigation of coil-efficiency improvement 
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technique~ will include: 1) displacing the coil from the stem with a thin dielectri~ 
or ferrit~ (if biocompatible), and 2) placing the coil below the stem supported by 
suitable non-metallic material. F.or each invest1gation, power-tt'ansfer efficiency 
wi11 be maximized by optimizing coil-size, diameter and turn··ratio. Once the elec­
trict/,' performance of the co11 configuration is satisfactory, a suitable mechanical 
configuration for supporting and protecting the coil wil' be designed. This protective 
cap will most 1 ike1y be teflcn or polyethylene, and will be mechanically secured to 
the stem via a mechanical interlock. System electrical tests of the power-induction 
system wi" include: power-transfer as a function of vertical placement between oscil­
lator and secondary coils. power-transfer efficiency and oscillator power and fre­
quency stabilities. 

TASK DIVISIONS 
The power-induction system design and performance testing will be carried out at 

JPL. The induction pickup coil design will be a combined JPL~UCLA effort. as both 
electrical performance and mechanical int~rfac1n9 with the stem tip are involved. 

4. Hermeticlt~ 

Sealing tests will be performed on the welded prosthesis to measure the degree 
of henmetic1ty of the weld joints. The hermeticity test is performed by placing 
the prosthesis in a chamber pressurized with helium at 60 psig for 15 hours to force 
the tracer gas into the prosthesis via any leak paths, after which gross and fine 
leak-tests are performed in a helium mass-spectrometer. Irrmediately after bOOlb1ng, 
the prosthesis is placed in thg vacuum chamber of the helium mass-spectrometer and the 
chamber is evacuated. 

There\ t~o tests performed to complete the hermeticity check: gross leak and fine 
leak. The gross leak-test is performed while the vacuum chamber is being evacuated, 
which will sense any large leaks. The fine leak-test is tt.en performed at 1 x 106 
+~rr. If a leak were to exist, it would have shown at this stage as a helium flow 
frDm the prosthesis into the vacuum chamber. and a detector tube would indicate the 
helium flow as a leakage rate. 

A second gross leak test, called a wet test. is also performed by first bombing 
the unit in a pressure chamber containing freon liquid for 4 hours and then submerging 
the prosthesis in 100 degrees C fluoroinert detector fluid for 60 second~. A leak 
will be indicated by the presence of a stream of small bubbles riSing from the pros­
thesis. 

These leak-tests will be performed on every unit after welding and polishing of 
the femoral bal'. Hermeticity will also be checked during various stages of the 
m~chanical testing program and upon completion of all tests. If leaks should be 
detected at any stage. the prostheSiS will be sectioned at the defect and a metal1o­
graphic analysis performed to pinpoint the problem. 

TASK DIVISIONS 
1'.11 tests for hermeticity and leakage will be performed at JPL. 
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5. tomeonent Biocompat1bilitl 
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Two aspects of prosth~sis biocompatibility will be studied. One region of interest 
is the final coil configuration at the stem tip. The coil, With protective plastic 
cap, will be encased in acrylic bone cement and implanted in the back musculature 
of a dog. Routine histology will be performed on the tiSSUC5 surrounding the implant 
site to evaluate the soft tissue cellular response. A second' concUl'rent study wi 11 
determine the effectiveness of the secondary senls (thu coating of the electrical 
components). Trial implant units will be prepared, cons1sti!l9 of a portion of the 
mother board containing a submodule. sCJldel'ed pin-connections. ferrite toroid, a resis­
tor and a capacitor. All COmponents and electrical connections will be coated with RTV 
(or equivalent) and placed in the back musculature of a dog. At sacrifice, aspirated 
fluids and tissue samples will be ~hemically analyzed for the presence of trace~elements 
and their concentrations. in addition to histological analysis. The sealant exhibiting 
the best perfonnance will be selected as the final choice for the eventual human 
imp1 anta tions. 

Multiple implant specimens are planned fot· each Jxperimental animal. Because of 
the physical size of the ~omponents. dogs have been selectea for this purpose. One-, 
three ... and ,~ighteen-month sacrifice schedules arE- planned with two dogs in each 
category. 

TASK DIVISIONS 
All animal implantations and subsequent tissue analyses will be done at UCLA. 

Specimen preparations for animal studies will come from both JPL (sealed telemetry 
components) and UCLA (external coii configuration). 

6. Data Recovery and Display 
The complete broadcast datastream will be recover~d in real time with an FM 

receiver (block diagram shown in Fig. 1). The FM datastream will be decoded and the 
resultant analog datastream will be simultaneously recorded on AM tape. displayed on 
an oscilloscope, and shunted into an AID converter situated at the front end of the 
display system. The realwtime display of each channel will indicate the state of 
each strain gauge, assuring early detection of any erratic gauge behavior. 

The data will be analyzed using the Microprocessor-Enhanced Oispiay System (MEDS) 
currently under development at the B;omechan;cI» Research Section, Division of Orthopedic 
Surgery, UCLA. MEDS consists of a closed-circuit color television subsystem, a 64-color 
digital display subsystem. and the hard~ and software require«! to interface these 
subsystems to the controlling nlinicomputer. The ~EDS hardware was underwritten entirely 
by donations received through the efforts of patients who have received total-joint 
replacements at UCLA. 

MEDS functions as described below: 
Software will be written which will enable a programmable clock to specify 

sampling windows in the telemetered analog input datastream. These sampled data 
will be converted to a digital datastream by the AID converter and transformed into a 
series of 3-space digita1 vectors. and written directly onto disk. The software 
required for this task will be written in single precision Fortran IV. Using data from 
six of the ten sequential Channels. the program will compute forces in three orthogonal 
directions. along with the magnitude and direction of resultant force vectors. The 
program will also yield a running average and standard deviation of resultant foree-vector 
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nlagnftudes. Using these statistics, VQctors with magnitudes greater than pre"selected 
values from the avet'age will be automatically detected and printed. Thus, whether the 
data are generated by an engineering model mounted on the MrS machine or by a prosthesis 
implanted in a patient, it will be possible to obtain immedfate graphical feedback 
regarding both the average magnitude and the frequency of larger rnagn1tude-vectors. 
and, because the display system 1s color-programmable. it will be possible to display 
vectors of certain large magnitudes in brighter colors, fo.' example, relative to those 
nearer the uverage. 

Verification of software calculations will be accomplished by mounting engineer­
ing models on the MTS machine. This procedure will allow loads of known ~agnitude 
and orientation to be applied to the models, and software modifications (if necessary) 
resulting from such trials will assure accuracy over a wide range of values. 

A Fortran-callable graphics subroutine will be written which will display these 
results as foreground vectors graphically 'blinked' onto a color receiver/monitor at 
a software-selectable rate. This will be accomplished using a medium~resolution 
digital display-system controlled by a programmable gr~phics processor. The 'blinking' 
vectors will be concurrently interlaced with one of several background datastreams. 
The background menu will eventually include digitized x-rays of prost.heses in vivo, 
rotatable finite-element models of prostheses, and videotapes of engineering models 
in vitro or ot~er subject behavior recorded at the time of the telemetered event. When 
the background selected is a subject or patient activity. movement will be detected by 
a studio color camera and recorded on VHS videocassettes. Mixing of videotapes with 
other composite video sources such as x-y plots and labeling information will be pos­
sible using a special-effects generator. The fully-mixed image series will then be 
displayed on a color TV nlonitor and/or recorded in parallel, and/or digitized, buffered, 
and written to disk. 

The minimum data-base for each subject activity or patient visit will thus consist 
of a) movement-specific vector sets written directly onto disk; b) buffered video frames 
selectively written to disk, and c) video cassettes containing historical datastreams 
in variable split-screen and interlace modes. 

MEDS is a unique juxtapOSition of subsystems, each of which was initially engineered 
to stand alone. The sl!ccessful marriage of the components of these subsystems will be 
facilitated by consultation with audio-visual, mainframe, auxiliarYM and graphics­
software specialists. Several individuals have offered their expertise in exchange hr 
the opportunity to be associated with MEDS. 

Statistical analyses will make feasible the testing of a series of hypotheses 
regarding movement and force. These are expected to range from an initial examination 
of correlations to eventual tests of specific hypotheses exploring possible relation­
ships of movement, force. prosthesis design. and subject or patient outcome. Statis­
tical tools utilized will include software written for the minicomputer, as well as 
batch submissions to the UCLA IBM 370/3033. thereby accessing the BMOP, SPSS and SAS 
statistical packages. Utilization of the IBM 370/3033 is expected to occur when sta­
tistics are required of a very large data-base. or when specific algorithms are desired 
but are not available on the minicomputer. 

Using MEDS. results of such tests will be eas~ly displayed and communicated to 
other researchers and clinicians. Consider as one example the possibil~ty of mapping 
the intersecti~n of a series of vectors onto the 35-millimeter spherical surface of a 
modelled prosthetic total hip. As a controlled subject or patient activity occurs, 
the sequential change in orientation of the resultant force-vectors would be mapped 
pixel by pixel on the surface of the model, while vector amplitudes would be represented 
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by corresponding changes in pixel hue. with warmer colors representing greater ampli­
tudes. Thus, activity-specific schematics with normal displacenlent and amplitude 
changes could be recorded, and incremental deviations from normal distributions would 
have useful prognostic value. 

MEOS extends the traditional range of clinical evaluation tools. MEOS allows 
the clinician to visualize force and motion quantitatively, and to actively integrate 
these vector data with corresponding patient activities. Over a period of several 
patient visits the clinician will be able to objectively assess progress both among 
visits and between patients. MEOS will thus serve as a robust clinical tool, providing 
both immediate feedback and objective longitudinal evaluation. 

TASK DIVISIONS 
The data acquisition and printout system will be developed at ~PL. Comput~r 

calculation of vector components, graphical displays, and associated software for statis­
tical processing of the information will be carried out at UCLA. 
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E. FACILITIES AVAILABLE 

UCLA Biomechanics Research Section 

1. Materials test facility, including an MTS 812 servohydraulic test 
machi~e with associated fUnction generator, oscilloscope and x-y 
recorder'. 

2. Research and development machine shop. 
3. Instrumentation lab. 
4. Minicomputer with color video and digital graphic display subsystem 

(prOjected installation Aug~st 1980). 

UCLA Center for Health Sciences 

1. 

2. 

3. 

4. 

Soft tissue histology laboratory with capabilities for transmitted 
light, reflected-light and SEM I\'licroscopy. 
Capabilities for paraffin-embedd .. ~d and plastic-embedded soft tissue 
specimens plus calcified and det~lcified bone tissue. 
A" animal surgical fad 1 ity with fourteen operating rooms with full 
veterinary supervision of operative and post-operative animals. 
A complete animal x-ray facility. 

Jet Propulsion Labora~ory 

1. Dynamic Environmental Test Facility 

a. Vibration equipment 

The Dynamic Test Group has vibration test equipment capable of 
testing complete spacecraft as well as small components. There are 
twenty"two electro-dynamic exciters and one electro-hydraulic exciter 
in this facility. This system is capable of sinusoidal, random and 
shock control. 

b. Mechanical load testing 

The mechanical test facility at present utilizes an MlS servohydraulic 
which can accurately measure materials responses over load ranges 
required for testing of the prostheses. Test speeds are widely variable 
as are the types of loading. Data acquisition is via x-y plotters and 
storage oscilloscopes. 

2. Fabrication Services 

a. Fabrication services 

The fabrication services section within the Facilities and Fabri­
cation Services Division is responsible. for providing a wide variety of 
fabrication services to all elements of the laboratory. The section is 
comprised of machine shops, a s~eet metal shop. a welding shop, technician 
fabrication work areas, and will provide fabrication engineering and fabri­
cation ljaison. The fabrication services section provides a modern fabri­
cation facility which has pioneered many significant advances in aerospace 
fabrication technology. 
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b. Spe~ial projects shop 
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All aspects of custom apparatus fabrication are provided in this 
shop: prototype~, developmental models, R&D work, flight-type mechanisms 
and parts. Sketches and other records can be produced as the job progresses 
so that the final design is more easily documented. 

c. Plastics lab 

This lab offers plastics application services for both flight and 
non-flight needs. These services include encapsulation of modules, impreg­
nation and encapsulation d~f transformer's, bonding of boards, components and 
confonnal coating of printed circuit boards. The requestor rilay work directly 
with the plastics technicians in developnlent work or furnish complete docu­
mentation for a flight-certified job. 

3. Spacecraft Radio Hybrid Microelectronics Laboratory 

The Spacecraft Radio Section, Hybrid Microelectronics Laboratory is as a 
clean room facility for the fabrication of microminiature hybrid radio assemblies. 
The room, with its horizontal laminar air flow. is divided into two sections. 
The first room is used for photolithographic substrate patterning and microscopic 
inspection, while the second room is used for component storage and assembly 
processes. Discrete electronic parts includ'ing integrated circuits are assembled 
into cerumic submodules using a combination of space-qualified techniques. The 
submodu1es along with the larger discrete and adjustable parts are then assembled 
via batch reflow soldering into module assemblies which represent a functional 
block, such as a biotelemetry assembly. 

4. Mechanical Instrumentation Facility 

This lab ~as complete facilities for mounting and wiring foil and semicon­
ductor strain 1auges. The group supports pre-flight testing of mechanical mock-ups 
of space-flight systems and some in-flight hardware. 

5. Leak Test Facility 

This lab has equipment for measuring the degree of hermeticity of sealed 
component parits, submodules and complp.te electro-mechanical assemblies. The 
facility provides capability of both gross and fine leak measurements through 
helium mass spectography. 
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The undersigned agrees to accept responsibility for the 
scientific and technical conduct of the research project 
and for provision of required progress reports if a grant 
is awarded as the result of this application. 

"l J "'1 -.. J.:;r:' 
, ....... - " I I L 

Date 

-40-

B-25 



I 
" q 
'i 

II 
:j 
11 
n 
it 
11 
,! 
" {i 
M 
l' 
if 

t;j 
j 
t" 
cr-

I 
.;:,. 
~ 

I 

FORCE STRAIN GAUGES 

I • .. TIME GAIN/BAl 

-- r----------l ,-- - ------- - 10

1 
I 

I FM I 11 MODULATION TRANS"MnER I I - 2 MULTIPLEX L AMPLIFIER I TIMING SEQUENCER. SWITCHES 4 8 I 
10- 5 ms I I I 

J L.-__ 200 Hz I -5 ms-- I I I 
1 I.. I I POWER I MULTIPLEXER SUBMODULE __ .J DC _ kONDITIONER TRANSMITTER I L 

--------- SUBMODULE I ------ J 

------
---------------, 
-----------.----, f L- __ 

lmW -FORCE II 
I, 
I rI 

SECONOARY 
COIL ANTENNA 

1---4"~ TIME 

II INTERNAl.-
1'-----------­'------------

EXTERNAL 

r------, r---------------------l 
1 2 

89MH% 

-fIlM 
ANTENNA 

PONER INDUCTION 
OSCILLATOR 

WAIST-MOUNTED I COMPUTER II DATA 2 ir10 rt 6 10 I 
AIDED RECORDER : I GRAPHICS - II AND • DECODER A J FM I \ I 

I DISPLAY II SCOPE • '4 U RECEIVER I '- INDUCTION 
I II DISPLAY 10 8 I OSCILLATOR COIL 

LEISPLAYCONSOLEJ LEATARECOVERYCONSO~ __________ J 

BIOTELEMETRY BLOCK DIAGRAM 

FIGURE 1 



^^oc
wX
J 0W to W

w	 tW

oQa.
d rf U

Qo z	
"

i
Z='O ^, 3̂ ZU J	 3zw

J ►w- // a^-dZUrr
Q0.

l ^^

ww=

U

N
Z
Q w

^ S
-7 Z L N

a Q w Q
Ln 00 6G

CL a'	 ,.'' O (^
(^ .^..: Z Lai ,..

.nVw 0 LLJ
OZV Z ^-p
< i LLI

`

Ln

O Z -	 , vi xp

w
►̂ - u. Z

Ln ^
Q ZCl.

J G
Co

D
t/1

W ca l/1
^

Q o
F--

ui Z 	 a
ti LLJ

N Q
Z

w Z<^F'

W-- .....^... r0
i,W_ wm

uJ
> ^^ZV

lu
v^i O

, N
r n ZQ^K

a^
^Q N ^^^

cm

0

-42-	 B-27



oc
W

N
Z
Q
DC
I-

Y
N
W
J

O
Co
Z)
N
} M

f- W
w

w l^
J .-.
W
H

W
JQwLn

cw
W
X
w
J
CL

J

Z
1.

10j)

no
^	 r	

MM , r ^

oRIGINAL PACT: IS

L-28	 -43-
	 OF POOR QUAI.17'1'



ME'H!^	 1	 2

TELEMETRY ASSEMBLY

FIGURE 4

-44-	 3-29



Z

L^^ M

B--30

0 a:W
^ O

CL coO

A Z WW Q JW
LL =o
-JZ..

uj
Q 2

N	 ^.r
N cr
%% OJ LL
C7

W

9W

W

XQ
W

Qq

1

W

-45-

U
ui
Z
0
Z
Q

Q
W
Mr
CO

Z
ar w
O X

,4 CO
OLn

W
cc	 m

Oa.
LL

U.
O
.j
ui

0
O

J
Q
U

Z
Q

U
W
2

6W



if

PROSTHESIS INTERNAL NECK VIEW
FIGURE 6

-46-

UR!GTN'AI. PAGE IS
' )F P(x)R n[TAtM'

A-31

t
.3



TOP VIEW OF
PROSTHESIS

-ATE GORY B

LOAD

STRAIN GAGE PLACEMENT

STATIC TEST FIXTURE CONFIGURATION

FIGURE 7

B-32	 -47-
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August 12, 1960

Ileen Stewart
Executive Secretary
Applied Physiology and Orthopaedics Study Section
Division of Research Grants
National Institutes of Health
Bethesda, Maryland 20205

Dear Ileen:

Thank you for your letter of July 15, 1960, requesting additional
information concerning our grant application AM 27836-01 entitled Total
Hip Implant - Biotelemetry. This letter is written in response to the
questions raised by the Study Section, In the five months since sub-
mission of our proposal, progress has been made on our system, and we
have adgitional information concerning a prototype design and power in-
duction system. I believe this new material will help to answer some of
the questions of the study section. Enclosed are seven preliminary
drawings describing a prototype implant configuration and two photographs..
Five sets have been provided for the reviewers. This material is item-
ized in reply. For convenience, I enclose a copy of your original letter
in which I have attempted to identify twelve specific items which require
a response. Vie will address them in the order presented.

1. Location of the Induction Pick-Up Coil

There are a number of factors which determine the position of the
pick-up coil. First, the coil must be external to the implant since any
surrounding metal would prevent power induction. Second, it must be
wound around the implant at a location compatible with the position of the
external coil worn around the patient's leg--a requirement which argues for
distal coil placement. The coil will be isolated electrically from the
stem by a thin-walled delrin bobbin (see Detail C	 coil assembly).
Another thin-walled delrin shield covers the coil, and an end-cap is screwed
onto the metal stem tip to protect the feed-through. It is possible that
the localized stress distribution near the delrin-cement interface may be
altered by the reduced section of the stem tip and the presence of the coil
with plastic cap. However, we feel that this effect would be of minimal
risk to the patient with our current cement techniques, In the early days
of total hip replacement, distal loosening of the stem accompanied by acrylic
cracking was a somewhat rare occurrence. Our new cement techniques include
plugging of the distal canal, controlled blood ooze at the interface by
either hypotensive or epidural anesthesia, thorough irrigation, pulsating
lavage under direct fiberoptic light visualization, early insertion of
acrylic with containment and pressurization by vigorous finger packing
through a rubber sheet which seals the proximal opening in the femur. When
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x-rays of patients who have received implants with this technique have
been analyzed, distal cement coverage is excellent. xn our analysis of
current x-rays, distal loosening has not been observed. Since our stem is
somewhat longer than current commercial implants (with the exception of
certain revision stems), we believe that good cement filling in the canal
abov., the coil tip will insure excellent stem support and effective stress
transfer to the cement in this region, diminishing the effect of the rela-
tively "soft" stem tip. We feel that the addition of the distal coil
should present a minimal risk to the patient. We intend to verify this by
our fatique test program on implants mounted in cadaver femurs. Both well
fixed and distally loose stems will be tested to assure adequate strength.
Careful inspection of the stein tip will beperformed. Distortion of the
stem cap, evidence of acrylic cracking and loss of hermiticity would be
indicators of potential problems. In the unlikely event that problems
should be encountered, design modifications would be considered.

2. Implant Removal Should Revision be Required

The outer diameter of the delrin
surface of the stem, presenting no step
end-cap holds the bobbin-shield assembly

tal-stem contour is smooth with no added
be presented should surgical removal be

shield is flush with the blended
or notch for cement locking. The
onto the stem tip. Since the dis-
bulk, no additional difficulty will
indicated.

3. Soft Tissue Radiation Damage

We agree with the reviewer that the radiation damage from the power
induction system should offer little risk to the patient. Experience with
inductive charging of cardiac pacemaker batteries plus the animal work
cited in the proposal leads us to believe the effects should be negligible.

4. Effect of the bole in the Stem for Power and Antenna Leads

The weakening effect of the hole in the stem will be negligible.
Since it will be located at the neutral mxis of the stem, the .125 inch
diameter hole will reduce the moment of inertia .07% in the proximal stem,
.28% at the upper margin of the coil location, and 5% at the cylindrical
section where the coil is wound. Tensile bending stresses on the outer
surface of a well-cemented distal stem have been shown to be minimal by
numerous strain gauge studies in the literature. We, therefore, do not
foresee a problem from the central hole.

Although the prosthesis is slightly longer than our current version,
it is still smaller in size than several current conventional designs, in-
cluding the Buck-32 and large stem Mueller designs. Even though there is
increased length should revision be required, we do not believe that there
is any additional risk to the patient using our current revision techniques.
We, in fact, have successfully revised 25 mm stem lengths using special
high speed burrs and image control without penetrating the femoral cortex.

5. Material Choice for the Stem

Only two of the currently
These are Ti 6 A14Vn and 316 LVII
advantages and disadvantages. I t

available implant materials
s.s. Both are very tough to
 is true that 316 s.s. T-28

are machinable.
work and have
prostheses have
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undergone fatigue failures--normally for heavier patients who have had
decreased Proximal cement support (cantilever fatigue mode). Zimmer USA
has indicated that the % inch diameter bar stock used for the T-28 pros-
thesis has a yield strength of approximately 60,000^si. A 43 0 bend is

made in the fabrication process to establish the 137 neck-shaft angle.
The 316 s.s. which we had considered has a yield of approximately 450000
psi in the form of a 1^ inch thick flat plate. The implant would be
machined totally from this plate with no bending during manufacture.
Therefore, no residual stresses, other than those from normal machining and
c.ld-rolling will be present.

The titanium alloy is considerably stronger than 316 s.s. and is
also available in 1^ inch flat plate (yield of 110,000 psi)	 The 316 s.s.

jcosts approximately $3.50114 while the Ti 6Al On is about 40/lb. The
titanium alloy has a modulus of about 50% that of steel, which would per-
haps be of theoretical benefit in off-setting the greater size of the stem
to maintain stem flexibility. One possible reservation in the use of this
material might be the bearing properties against polyethylene in the
presence of acrylic debris. Tests in our laboratory with this alloy have
indicated a potential problem in terms of severe scratching of the Ti 6A1
4Vnwith massive release of metal debris particles. This phenomenon has
not been observed in removed clinical implants. We emphasize that this is
"F—Potentialnt 	 clinical problem, but not as yet an actual one. Clinically,
we have not observed this scratching. We have implanted thirteen Tivanium
T-28 femoral components in patients requiring exceptional metal strength or
who have a suspected cobalt sensitivity. One of those has been removed and
the wear surfaces show no excessive scratching, although acrylic debris; was
not found in this cup.	 Our current technique dictates that all acrylic
be carefully trimmed from the bone margins so that acrylic dislodgement due
to loosening or dislocation would be a remote possibility.

At the time of the initial grant application, 316 s.s. was specified
as the material of choice because (1) it was readily available in the form
required, (2) it could be welded reliably, (3) the glass-metal headers at
the stem tip were available in 316 s.s. from a vendor which JPL had dealt
with. We have since verified that our welding subcontractor can weld
Titanium alloy and an alternate vendor has been located to produce the three
pin headers in Titanium alloy on special order. Therefore, there is no
reason why Titanium alloy cannot be used for our implant.

Both materials are acceptable in terms of biocompatibility perfor
-mance. In terms of mechanical performance, the Titanium alloy has over 21^

times yield strength of 316 s.s. and undoubtedly superior performance in
terms of fatigue loading. However, if the stem cross-section is large and
the bending stresses low, the 316 s.s. will also have acceptable mechanical
performance. The configuration of our first prototype implant is shown in
the accompanyin g drawings. An aluminum model has been machined out of a
solid block of material for implant trials in a number of cadaver femurs.
The stem cross-section is slightly larger than revision stems in clinical
use at UCLA and a patient with a somewhat larger than normal femoral canal
will be needed for the clinical implantation. At the proximal section of
the stem where the bend begins, the area moment of inertia of the cross-
section is 2.5 times greater than the extra- large stem T-28 ;prosthesis which
is fabricated from 316 s.s. At the lower level of the protype stem near
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the tip of the induction coil, the ratio is 1.6. There have been no re-
ported stem failures of the extra-large T-28 prosthesis, nor of the revi-
sion prosthesis in clinical use at UCLA and other centers since 1971.

Although we feel that 316 s.s. wou'cd be satisfactory for our appli-

cation in the i mplant configuration proposed, we can also appreciate the
reviewer's s q stion that a stronger material be used to reduce the possi-
bility of mechanical failure of the implant. At the present time, two
prototype implants in the configuration shown in the accompanying drawings
are being machined in 316 s.s. for preliminary evaluation. The twelve units
for mechanical testing will be machined from Titanium alloy. If the mechan-
ical performance is satisfactory, this will be the material of choice for our
clinical implant units. One additional advantage of the Titanium alloy is
the reduced modulus of elasticity which should give us approximately twice
the strain signal for each gauge when compared to 316 s.s. The lower modu-
lus Titanium alloy will help to off-set the increased cross- sectional size
of the stem in maintaining stem flexibility. It is also possible that the
stem size can be reduced with the higher strength material allowing wider
range for patient selection.

Because of the increased cost of the Titanium alloy, we well need to
increase our supplies budget by $5,500 to cover the added expense for implant
fabrication.

6. Effect of Stein Size on Stem Stress

Finite element analyses of the well-cemented femoral total hip com-
ponent have suggested_ that a stiffer stem will carry a greater portion of the
hip load. Although in some instances the stress in the stem may increase
slightly for certain configuration, the stem stresses for a well-cemented
component are relatively low, as our strain gauge studies and those of
others have shown. Fatigue failure of well-cemented and well-supported
stems is rare; now failures are associated with loosening and cracked acrylic.
One advantage of a stiffer stem (well-cemented) is the fact that acrylic
stresses are generally lower. We feel that lower acrylic stresses are de-
sired since the margin of safety of this relatively weak, brittle material is
much less than that for the metal component. Cement failura is usually the
first weak link in the chain of events leading to stem failure. The stiffer
stem may help to prevent this occurrence. If loosening should occur, the
larger stem will be more resistant to fatigue in the unsupported (cantilever)
fatigue mode of stem fracture.

7. Efficiency► of the Power Induction System

The induction system is not a weak link in our project plan. Since
the submission of the grant proposal application, several design modifications
implemented in the power induction system have resulted in significant improve-
ments to induction power transfer and overall system efficiency. These design
improvements include: (1) a flat-wound (single layer) primary induction coil,
(2) hi Q resonating and coupling capacitors, (3) a replacement drive transis-
tor more suitable for high current coupling to the induction coil and, (4)
decoupling of the secondary coil from the stem with a Delrin dielectric sleeve.

A fully operational 316 s.s. mock rosthesis (shown in the attached
photo next to the aluminum prototype model with these modifications imple-
mented was tested in a fresh cadaver leg to determine induction power transfer

efficiency and external coil placement sensitivity. The mock implant stem is

C-4	 shorter than the stem of the prototype design. In order to assure that the
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coil would be located in the correct position within the femoral canal,
the proximal femur was cut off shorter to permit proper stem tip placement.
In the ccompanying photo, the mock implant is in place in the bone, and the
aluminum prototype is held in the approximate position it would occupy with
respect to the normal anatomy. The external coil is shown in the optimum
position centered over the pickup coil. The cap of the mock implant has
been removed and two leads for induced voltage measurements were connected
to a digital voltmeter.

In the optimum coil position shown, a rectified voltage of 19,8 v
DC was obtained with an induction coil DC power of only 4.8 watts. This is
a tremendous improvement over our prior system which required 30 watts to
achieve the minimum 10.3 volts required for system operation. Position
sensitivity s ou d -nò-"e p pblem. 16.0 volts was measured with the coil
displaced ± 3.5 inches from the optimum position shown without additional
primary power. Based upon these test results, we have great confidence that
the induction system will perform as desired. Two circuits remain to be
designed, the oscillator stage and the buffer, which should require less
than 2 watts. Therefore, it is estimated that the induction system will con-
sume a total of 6 watts of DC power at 12 volts which is well within our
design goal of 10 watts. A portable battery pack system will also be develop-
ed for clinical use.

The fully operational prosthesis complete with telemetry and opera-
tional power induction and R.F. antenna coils was tested in a 4 liter watc!r
bath to test system functions in a simulated implant configuration. 1711 trans -
mission tests of the 89 MHz received RF signal 'level showed an additonal loss
of only 4 dB with respect to a comparable test in free air at a distance of

nn nv.ca 	Cv.n +64o A,, 4^n ^I	 v .. ted w..u^^^ nicatisystem s ignal to	 i.__r, i^ctcr .
From

viii ^ 1 "a uu pu he expte= U c^A111[1U111V Q T, 1 VJJ sys 1.0111 s J ;IA 1 1.	 511 se ra tio
was calcu lated to be 39 d13. With the signal to noise ratio of 39 dB, the
error voltage of the communications link is calculated to be only 1.12% 1114S.
This places the overall error of the reconstructed telemetered force vector
at approximately 10;'. We hope to reduce this error to about 5% with further
system refinements.

8. Strain Gauge Configuration

Eight semiconductor strain gauges are mounted on the inner surface
of the prosthesis neck exactly one inch down from the center of the ball.
Vertical and horizontal pairs of gauges are wired to measure bending moments
in these two planes directly. Four additional gauges equally spaced between
these bending gauges are averaged to read the force component acting along
the neck axis, The signals from these four gauges are telemetered individu-
ally and provide redundancy in case of failure of one or more of `he bending
gauges. Failure of any one of the four axial gauges would still allow calcu-
lation of the axial component by averaging the remaining opposed pair. We
have given the placement of gauges careful consideration and believe our con-
figuration to be the most accurate and reliable means for measuring the three
vector components of the hip force. Preliminary calibration indicated that
we could telemeter measurements of applied force to an accuracy of 9%, which
is excellent for our clinical application. A complete and thorough load cali-
bration will be performed for each implant manufactured.

9. Project Phases

Based upon our preliminary work and three years of development in
this project, we do not foresee any insurmountable barriers and in fact we

believe the project is "doable". As we made clear in the first paragraph of
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our specific aims, the project will proceed in two phases. The first 	 i

phase (two years in duration) will be directed towards finalization and
tec,ting of an implant design, and the collection of test data for presenta-
ti ofi to the human subjects ;protection committee. It is at this point in
time that the NIH can judge whether we have a viable project worthy of con-
tinua,tion. We have attempted to anticipate the type of data required for
hwvrn use approval, and we are confident that we will be able to demonstrate
that the implantable units will not leak or break and, therefore, present
minimal additional risk to the patient. As stated in our aims, a follow-up
proposal will be forthcoming at the two year point, in which we will request
funds for clinical implantation studies.

In terms of the present proposal, at the end of the first year, com-
pleted tasks will include finalization of the implant design and a complete
calibration of the load cell, completion of the elec^rical tests of the
power induction system, and design of the recovery antenna. Tasks to begin
in Year 01 and to be completed in Year 02 will be the mechanical testing,
hemiticity testing, biocompatibility testing, development of a portable oscil-
lator and battery pack, fabrication of a de-multiplexes' and development of
the data recovery and display system.

10. Human Use Approval and the MIT Experience

Human use approval for this project is not guaranteed at the present
stage of development. At the end of our two year project period, we believe
that approval will be granted. We plan to submit our research plans to the
committee very early nn in our test program, and to feed them data as it is
accumulated. We will work closely with the committee and'respond to any
suggestion or requirements that they might present during the course of the
test program. In this manner, we will answer any questions raised before
completion of our tests to avoid any last minute delays that could set back
the clinical implantation phase.

We are painfully aware of failure of the MIT group to achieve surgi-
cal implantation of their prosthesis. We realize that their project has been
funded for many years with low yield. We might anticipate the criticism that
if MIT could not do it, why do UCLA and JPL believe they can? We respond to
this question in the following way. First, the MIT implant was a hemi
arthroplasty and ours is a total hip. The MIT prosthesis was designed to measure
interface pressures at the articular cartilage surface. In order to do this,
the wall thickness of the ball was drastically reduced at the locations of
the pressure transducers. We have heard that outgassing at the sites of these
thin diaphragms was a problem. Another problem with their design was the seal
at the stem tip, which was mechanical in nature with a series of snap-rings.
Our distal seal will be welded and utilize a type of thermal compression
bonded glass-metal feedthrough which is common for aerospace applications

where hermetic seals are required. 	 Another reason for delay of their project
was the necessity to wait for a suitable patient with exactly the right ace-
tabular size to accept their implant. Since our implant is a total hip, the
available patient population is greatly expanded. The UCLA-JPL power induc,
tion system is much more efficient, and the telemetry package more compact
with far less power requirements. JPL is an acknowledged leader in micro-
circuit design and fabrication. Years of experience in producing space-flight
hardware will assure proper functioning of the implantable units. UCLA is a
total hip replacement center for the metroplitan Los Angeles area. Many con-
tributions to the field have come from the UCLA Biomechanics Research Section.
UCLA and JPL are 35 minutes apart by auto. We have established an excellent

c-6	 working relationship together. We are confident the project can and will be
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complet,d as outlined.

11. Value of the Retrieved Data

This data will be the first in-vivo loading information from a
total hip replacement. Even if only one patient implantation Were to be
achieved, the information will be invaluable. Direct measurement of hip
force with walking aids, casts and modified gait patterns will give relative
measures of the effectiveness of these changes. Validation of mathematica
models of the hip u4ing force plate inputs will also be a real possibility.
for each individual patient. We believe the retrieved data will have general
use, even though a relatively small sample size is planned.

12. Budget for UCLA Portion of the Project

Tasks to be performed at UCLA include:

a. Implant design modifications, trial implantations, development
of surgical instruments for implantation, coil tip design im-
provements.

b. Biocompatibility testing - animal management, specimen insertion
and retrieval from dogs, histological analysis.

c. Mechanical Test Program -

1. Design of mechanical test fixtures.

2. Complete strain gauging of the stems of two units to be tested
in air, analysis of strain gauge data.

3. Fatigue tests of five sealed units in saline with full
monitoring of gauge outputs during testing.

4. Secondary seal tests of two units in saline with periodic
sampling of leached out solutes.

d. Development of the Data Analysis and Display System. JPL is
scheduled to provide a de-multiplexer and FM recording with
oscilliscope display of discrete gauge outputs. UCLA has the
task of synthesizing the signals in numerous combinations
(including alternate redundant modes should gauge failures occur)
to allow convenient video display. Extensive software development
will be required to project graphical displays of force vectors
with slow-motion video overlays of patient activities. Additional
development of special s yatistical analysis routines will be
needed for interpretation of the tremendous volume of data to be
recorded.

We feel that the budget requested is modest for the UCLA tasks involved.

Strain gauging and analysis of gauge outputs are time consuming tasks.
Fatigue testing demands constant attention and periodic monitoring as problems
are normally encountered as our past experience has shown. Each implant will
undergo a full calibration at UCLA before fatigue cycling, and after test
completion as well. Two engineers at 50% time (K.L. Markolf and A.N. Hodgson)
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will oversee these tests.

Machining of the implants is a painfully slow process since great
precision is required, the material is tough to work, and a large volume
of metal is machined array from the "hogging out" process. Prototype fab-
rication has proceeded at only half the rate we had initially anticipated.
In addition to twelve prototype implants, we will need to design and fabri-
cate fatigue test fixtures. A machinist at 50% time has been budgeted.
This is an extremely conservative estimate for the °A:-'ts required.

The data reduction and computer display are an integral part of
this project and will involve extensive software development as outlined,
e-,,- revievier misunderstood our intent here: UCLA will not merely app , data

^'ition and print-out systems developed by JPL. UCLA will take the raw
data (as provided by the JPL receiving console) and synthesize it to a use-
ful form for convenient clinical interpretation. A 50% effort of Dr. Larry
Mai will be needed for this task. Again, this is a modest request for a
formidable test.

The remaining personnel are necessary for fiscal and administrative
management, and preparation of materials for publication and reports. The
animal histology will be covered in the dog costs.

We appreciate the opportunity to respond to the reviewer's comments.
We hope that the information provided will answer the questions raised. If
there is any additional information you or the study section members should
re q uire, we :;could be most pleased to provide it for you.

Sincerely yours,

^,̂V 
^a 9w"

Keith L. Markolf, Ph.D.
Adjunct Associate Professor

nclslj Y1116vol, his ci6f
Harlan C. Amstutz, N.D.
Professor and Chief
Division of Orthopaedic Surgery

KLr1: HCA : cd

Enclosures: Copy of original letter dated 7/15/80, 7 drawings, 2 photographs
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DEPARTMENT OF HEALTH, EDUCATION, AND WELFARE
PUBLIC HEALTH SERVICL

NATIONAL INSTITU7 r.3 OF I ICALTti
IXTHECMA. MARYLAND 29.;)5

July 15, 1980
Re: AM 27836-01

Dr. Keith L. Markolf
Adjunct Associate Professor

of Orthopedics & Biomechanics

Department of Surgery
University of California
405 Hilerard Avenue
Los Angeles , CA 90024

Dear Dr. Thrkolf:

When the Applied Physiology F, Orthopedics Study Section met in June,
they deferred action an your application, AM 27836-01, until additional
information could be obtained. I 

am writing now to request this inforniation.

'17he first problem area. that reviewers met was the lack of specifics,
about the design of the :h-oplantable tolemetering device. Ilicy felt
that -the entire system was very sophisticated, but were concerned about
certain designgn aspects. Let me quote from various reviews.

"The technique carries with it sane practical, problems as well as sane
theorotical ones. The choice of location point for the pick 

up 
coil

is a very important one. If the coil is wrapped ara,md the implant stem
then there may be considerable alteration in the stress distribution
between the stem and the bone when the structure is imbedded in methyl-
methacrylate. 'Ibis alteration would have unknown consequences and would
be an additional risk to the patient. In addition, any bulk added to
the distal tip of the stem, would make removal of the implant extremely
difficult in case of infection or other implant/ex p3ant situations.
Mile the effect on soft tissue of a radiation field is probably minimal
and,  indeed, because of the time duration of the radiation the effect
on bone is probably minimal, there is still some very small but finite
risk associated with that tvpe of radiation. However, that risk probably
would not be sufficient to influence the use of this type of technology
to power the telemetry device. Me most substantial risk 

in 
the proposed

prosthesis is the eles.-Vi of the stem. The investigators are proposing
to use 316 stainless steel as the material and to have holes within

(rCon'tinued)
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Dr. Markolf
July 15, 1980
Page 2

the structure to allow the passage of both the antenna wire which will
emerge from the tip of the prosthesis and the power coil which mast also
be attached to the tip of the prosthesis. At the current time stainless
steel devices are not among the safest design and material choices for
the orthopedic surgeon. Difficulty with several of these devices is
well.-knotivn and has been doctunented in the literature, Both the design
of the stem, in that it contains internal cavities, and the choice of
316 as a structural material are probably independent and it is therefore
possible to change the material choice without grossly altering the
design considerations. It is interesting to note that the Zimmer
Corp. has withdrawn from sale their most popular stainless steel stem, the
one that is specifically referred to in this proposal., the "T28."
This stem was Down to undergo fatigue fractures without any associated
loosening of the cement. Stainless steel, as a. material, is more prone
to fatigue damage than some of the other available implant materials
and would actually represent a regression in the state-of-the-art
should it be used as the material of choice for this prosthesis."

"The concept of making thestem larger in cross-section diameter, so as
to afford greater strength has its counterpart in thc,; orthopedic
literature. A larger stem produces stiffer structures and stiffer
structures will share a greater portion of the load in the composite
system. Therefore, based on analyses which have appeared in the literature
increasing the cross-sectional size of the stern may not necessarily
decrease the stress to that stem. Indeed, there are cortain configurations
where the stresses will actually increase. The main problem is the lack
of specific design information and design configuration for the proposed
implant n"

"The induction system is a weak link in the system and appears to need
the most development. _If the efficiency of this component cannot be
substantially improved it could prejudice the entire project. Consequently,
improvement of the induction system should be the first priority of the
project. If satisfactory induction of power is not possible, the 'rest
of the development is useless."

"An analysis of signal reception, in a realistic environment which more
closely resembles the intended use condition, would be useful. It-should
be determined that overall accuracy from the system will provide suf-
ficiently accurate strain data under such conditions. It should also
be determined that the present strain gauge configuration will provide
the optimal data output to answer the desired questions. It would be
a shame to construct such a complicated device and fall short of optimal
data collection."

(Continued)
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Dr. M,arkol C
July 15, 1930
Page a

"Due to the expense of the project, definite milestones (phases) and
decision points should he placed, so that the project could be terminated
if an insurmountable barrier is reached or if there is any doubt as to
tine eventual lauumm application. Such a phased approach could prevent
production of an extremely eVensive laboratory curiosity."

"On the negative side, there is no assurance that an approval for
implantation could be obtained from a lluman Investigation Committee.
Although the design modifications that relate to the size of the ball or
size of the prosthetic stem do not represent significant changes in
terns of the current state-of-the-art, there are procedures that could
increase the risk of failure in a permanent implant. 'iliese include the
machining required to place electronic components, and the need to
decrease sane initial dimensions, the presence of sealsFund other
necessary modifications. A program at M.I.T,, sij)dl.ar in principle,
has been uundenray for many years anti. has not yet reached the state of
clinical implantation."

' ►Tlie eventual implantations will be by force, limited to a very snvxll
nuunber of subjects, and there will be considerable variability from
patient to patient detracting, to some extent, from the value of the
information."

"An important point is the cost of this program. A great deal of work
is to be clone at the Jet Propulsion Laboratories. According to the
proposal, the specific tasks that will be accomplished at UCLA are quite
limited. 1i1c:y include the manuEactur:ing of 12 prototype prostheses,
structural tests in two units in air and in :Five units in saline, and
secondary seal tests in dogs. A total. of six animals is planned with
multiple implants in each. UCLA will also apply data acquisition and
print-out systems developed by JPL. Does this amount of work require
two and one-lknlf full-tine equivalent persons and the large budget
reported for UCLA.? ►►

If your could respond to the above coi rents in whatever detail is required,
we would be most appreciative. I will need your reply by mid-august
at the latest. Thank you.

NASA-JPL—Coral, L A Calif

"ncerely yours

Ileen E. Stewart
Executive Secretary
Applied Physiology & Orthopedics

Study Section
Division of Research Grants
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